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EXECUTIVE  SUMMARY 


Barite  (barium  sulfate)  serves  as  a  weighting  agent  in  oilfield  drilling  muds  and  it 
commonly  remains  onsite  after  drilling  operations  are  completed.  The  work  described  in  this 
report  is  part  of  a  project  that  was  undertaken  to  develop  soil  quality  guidelines  for  barite. 
Current  guidelines  for  barium  in  soil  appear  to  be  based  on  background  levels  and/or  the 
properties  of  soluble  barium  compounds.  Under  typical  environmental  conditions,  barite  has  a 
low  aqueous  solubility  and  is  thought  to  have  a  low  bioavailability,  and  accordingly,  soil  quality 
guidelines  for  barite  are  expected  to  be  less  stringent  than  those  for  soluble  barium. 

Information  in  the  literature  has  clearly  demonstrated  that  under  sulfate-reducing 
conditions,  microbial  processes  will  consume  sulfate  and  thereby  increase  the  concentrations  of 
dissolved  Ba"^"^  in  cultures  or  environments  that  contain  barite.  However,  there  is  little  or  no 
information  on  the  dissolution  of  barite  by  microbial  activities  under  other  redox  conditions. 
Thus,  the  objective  of  this  study  was  to  determine  whether  the  concentration  of  dissolved  Ba^ 
increased  in  barite-containing  microcosms  that  were  subjected  to  various  redox  conditions  that 
promoted  different  microbial  processes.  Barite  was  added  to  microcosms  containing 
uncontaminated  (background)  soil,  appropriate  liquid  media  and  an  electron  donor  (either 
glucose  or  lactate).  Different  sets  of  microcosms  were  incubated  at  room  temperature  under 
aerobic,  nitrate-reducing,  Mn(IV)-reducing,  Fe(III)-reducing,  sulfate-reducing  and  methanogenic 
conditions.  The  amounts  of  soluble  Ba^  were  determined  over  a  4-month  incubation  period. 

The  release  of  soluble  Ba^  was  observed  under  aerobic,  Mn(IV)-reducing,  Fe(III)-reducing 
and  sulfate-reducing  conditions.  The  findings  of  this  short-term  investigation,  using  microcosms 
with  ample  supplies  an  electron  donor  suggest  that  there  is  a  potential  for  barite  dissolution 
releasing  soluble  Ba"^"*^  in  soil  environments  that  are  dominated  by  aerobic,  Mn(IV)-reducing, 
Fe(III)-reducing  or  sulfate-reducing  conditions.  The  rates  of  microbial  release  of  soluble  Ba"^  in 
these  types  of  environments  would  likely  be  much  slower  than  observed  in  this  study,  because 
the  supply  of  electron  donor  would  be  rate  limiting  in  the  environment. 
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1  INTRODUCTION 

Barite  (barium  sulfate)  serves  as  a  weighting  agent  in  oilfield  drilling  muds  and  it 
commonly  remains  onsite  after  drilling  operations  are  completed.  The  work  described  in  this 
report  is  part  of  a  project  that  was  undertaken  to  develop  soil  quality  guidelines  for  barite. 
Current  guidelines  for  barium  in  soil  appear  to  be  based  on  background  levels  and/or  the 
properties  of  soluble  barium  compounds.  Under  typical  environmental  conditions,  barite  has  a 
low  aqueous  solubility  and  is  thought  to  have  a  low  bioavailability,  and  accordingly,  soil  quality 
guidelines  for  barite  are  expected  to  be  less  stringent  than  those  for  soluble  barium. 

The  toxicity  of  a  barium  salt  is  highly  dependent  on  the  solubility  of  the  salt.  For  example, 
barium  sulfate  is  extremely  insoluble  and  it  is  routinely  administered  orally  to  facilitate  x-ray 
imaging  for  the  detection  of  gastric  ulcers.  Barium  sulfate  is  not  absorbed  from  the  intestinal 
lumen  in  patients  that  are  administered  this  suspension  (Jourdan  et  al.  2001).  In  contrast,  barium 
ions  from  soluble  salts  are  very  toxic,  and  ingestion  of  aqueous  barium  chloride  has  been  used  as 
a  means  of  suicide  (Jourdan  et  al.  2001).  The  antidote  for  ingested  soluble  barium  is  a  soluble 
form  of  sulfate,  which  precipitates  soluble  Ba^  as  the  nontoxic  barium  sulfate  in  the  stomach. 

Microbial  dissolution  of  barium  sulfate  has  been  reported  in  the  literature.  This  typically 
occurs  under  anaerobic  conditions,  with  sulfate-reducing  bacteria  being  implicated  or  shown  to 
be  the  microorganisms  responsible  for  causing  the  release  of  soluble  Ba^  by  reducing  the  sulfate 
moiety,  thereby  liberating  soluble  Ba^.  The  following  paragraphs  summarize  the  published 
literature  on  the  topic  of  release  of  soluble  Ba^  from  barium  sulfate  under  different  laboratory 
and  environmental  conditions. 

Bolze  et  al.  (1974)  incubated  lake  mud  under  anaerobic  conditions  in  200  mL  of  medium 
supplemented  with  powdered  barite  and  H2  as  the  energy  source.  After  17  days  of  incubation  at 
20°C,  the  average  concentration  of  dissolved  Ba^^  was  3.3  mg/L  in  the  viable  cultures,  whereas 
the  average  concentration  in  the  sterile  controls  was  0.5  mg/L.  Another  set  of  cultures  that 
contained  barite  and  ferrous  sulfate  was  also  incubated  and  analyzed  for  soluble  Ba^.  In  this  set, 
the  Ba"^  concentration  was  <0.1  mg/L,  indicating  that  the  dissolution  of  barite  was  suppressed  by 
the  presence  of  the  more  soluble  ferrous  sulfate. 

Microbially-mediated  release  of  Ba^^  from  uranium  mine  tailings  has  been  investigated 
because  of  the  potential  simultaneous  release  of  radioactive  ^^^Ra"^.  At  many  uranium  mining 
and  milling  sites,  soluble  radium  is  co-precipitated  with  BaS04  yielding  a  (Ba,Ra)S04  precipitate 
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that  settles  as  a  sludge  that  is  stored  in  tailings  ponds.  Fedorak  et  al.  (1986)  analyzed  two  of  these 
co-precipitates  and  demonstrated  that  on  a  mass  basis,  the  sludges  were  predominately  BaS04. 

McCready  et  al.  (1980)  produced  a  synthetic,  (Ba,Ra)S04  precipitate  in  which  the  Ba,  Ra, 
and  S  were  all  radioactive  atoms.  They  added  this  to  a  pure  culture  of  the  sulfate-reducing 
bacterium,  Desulfovibrio  vulgaris,  in  medium  that  contained  lactate  as  the  energy  source  and 
dissolved  sulfate  along  with  the  insoluble  sulfate  from  the  (Ba,Ra)S04.  Over  a  19-day  incubation 
at  25°C,  the  concentration  of  soluble  Ba^  increased  at  nearly  a  linear  rate  to  a  maximum 
concentration  of  5.4  mg/L.  This  was  only  about  3%  of  the  concentration  expected  based  on  the 
amount  of  sulfide  released  from  sulfate  reduction.  During  the  growth  of  the  D.  vulgaris,  CO2  was 
produced  leading  to  the  re-precipitation  of  much  of  the  Ba"^  released  from  (Ba,Ra)S04  as 
BaCOs  (McCready  et  al.  1980). 

(Ba,Ra)S04  sludges  from  two  Canadian  uranium  mines  were  used  in  laboratory  studies  to 
evaluate  the  release  of  ^^^Ra"^^  and  Ba^  by  indigenous  microorganisms  (Fedorak  et  al.  1986). 
Prior  to  use  in  the  microbiological  studies,  these  sludges  were  washed  free  of  dissolved  sulfate. 
Microbial  counts  showed  that  the  samples  contained  >10^  sulfate-reducing  bacteria/mL,  and 
nutrient  supplementation  experiments  demonstrated  that  each  of  the  five  energy  sources  tested 
(glucose,  lactic,  pyruvic,  acetic,  and  glycollic  acids)  stimulated  the  microbial  reduction  of 
sulfate.  In  general  increasing  concentrations  of  lactate  increased  the  amounts  of  Ba^,  and 
^^^Ra^,  released  from  the  the  sludges  by  the  end  of  8-  to  10-week  incubation  periods.  In  one 
experiment,  nitrate  was  added  as  a  nitrogen  source  for  the  microorganisms  in  one  of  the 
(Ba,Ra)S04  sludges.  In  the  presence  of  nitrate,  gas  evolution  from  denitrification  was  evident, 
and  the  release  of  ^^^Ra^  was  only  3%  of  that  in  the  absence  of  nitrate  (Fedorak  et  al.  1986). 
This  observation  suggests  that  nitrate-reducing  conditions  inhibited  the  release  of  ^^^Ra^.  Thus, 
it  is  likely  that  the  release  of  Ba^  would  also  have  been  inhibited  under  nitrate-reducing 
conditions,  although  the  soluble  Ba^  concentrations  were  not  measured  during  this  experiment. 

Martin  et  al.  (2003)  studied  the  release  of  ^^^Ra"^  from  (Ba,Ra)S04  sediments  in  a  disposal 
pond  at  a  Canadian  uranium  mine.  They  analyzed  porewaters  taken  from  various  depths  and 
three  different  locations  in  the  pond.  One  of  the  locations  had  thick  vegetative  growth  (Chara 
sp.)  whereas  the  other  two  locations  had  sparse  vegetative  growth.  Among  the  parameters 
measured  were  dissolved  oxygen  and  soluble  iron,  manganese,  barium  and  ^^^Ra.  The  dissolved 
oxygen  concentrations  dropped  sharply  in  the  sediments  and  these  became  anaerobic  within  a 
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few  millimeters  of  the  sediment-water  interface.  Although  dissolved  ^^^Ra"^  and  Ba"^  were 
observed  in  most  of  the  porewater  samples,  the  highest  concentrations  were  found  in  the  location 
with  the  thick  vegetation.  There  was  a  strong  linear  correlation  between  the  concentrations  of  the 
dissolved  ^^^Ra"^^  and  Ba^.  At  two  locations,  elevated  concentrations  of  dissolved  iron  and 
manganese  were  observed  at  depths  where  increased  concentrations  of  dissolved  ^^^Ra"^  and 
Ba"^  occurred.  Plant  growth  would  provide  organic  carbon  for  the  microbial  community  in  the 
sediment  and  the  overlaying  water,  thereby  driving  processes  such  as  Fe(III)  reduction,  Mn(IV) 
reduction  and  sulfate  reduction.  These  microbial  processes  would  play  a  major  role  in  the 
dissolution  of  Fe(II),  Mn(II),  ^^^Ra^^  and  Ba^. 

Scale  and  sludge  deposits  formed  during  oil  production  can  contain  ^^^Ra  in  the  form  of 
(Ba,Ra)S04.  The  activities  of  sulfate-reducing  bacteria  have  the  potential  to  release  ^^^Ra^  from 
this  naturally  occurring  radioactive  material  (NORM),  in  the  same  way  they  release  ^^^Ra^^  from 
uranium  taihngs.  Phillips  et  al.  (2001)  isolated  a  sulfated-reducing  bacterium,  designated 
Desulfovibrio  sp.  strain  AZKl,  from  an  oil-field  brine  pond  and  tested  its  ability  to  release 
^^^Ra"^  and  Ba^  from  oil-field  materials  containing  barite  as  the  major  form  of  sulfate.  Cultures 
were  supplemented  with  lactate  and  incubated  at  30°C.  The  greatest  increase  in  dissolved  Ba"^ 
occurred  during  the  first  day  of  incubation  while  the  dissolved  sulfate  was  depleted  from  the 
medium.  Sulfate  consumption  was  accompanied  by  sulfide  formation,  but  the  release  of  soluble 
Ba^  was  not  stoichiometric  with  the  sulfide  production.  In  fact,  the  molar  ratios  of  dissolved 
Ba*^  to  sulfide  production  was  <0.002.  Although  the  reason  for  the  extremely  low  molar  ratio 
could  not  be  determined,  Phillips  et  al.  (2001)  concluded  that  none  of  the  following  mechanisms 
was  a  major  contributor  to  the  low  ratio:  precipitation  as  BaS  or  BaCOs,  adsorption  by  cells  or 
reactions  with  reduced  cell  products. 

Baldi  et  al.  (1996)  described  transformations  of  barium  in  sewage  sludges  from  treatment 
plants  near  Florence,  Italy.  The  major  source  of  barium  at  one  of  the  plants  was  from  hospital  x- 
ray  wastes.  These  investigators  also  observed  lower  than  expected  soluble  Ba"^  concentrations 
based  on  the  amount  of  sulfide  that  was  produced.  They  attributed  this  to  the  formation  of 
BaCOs  and  the  transient  appearance  of  BaS.  Aeration  of  an  anaerobic  sewage  sludge  sample 
caused  the  redox  potential  to  increase,  and  brought  about  an  inexplicable  decrease  in  the  total 
barium  in  the  sludge.  Baldi  et  aL  (1996)  presented  several  possible  explanations  for  this  loss  of 
barium,  but  none  was  very  convincing. 


Sulfate  reduction  occurs  in  the  contaminated  groundwater  of  the  Norman  Landfill  in 
Oklahoma  (Ulrich  et  al.  2003).  Barite  was  found  to  be  an  important  source  of  sulfate  for  this 
process  at  intermediate  aquifer  depths  (Ulrich  et  al.  2003).  In  general,  there  was  an  inverse 
relationship  between  the  groundwater  concentrations  of  sulfate  and  barium.  That  is,  as  sulfate 
was  depleted  with  depth,  the  dissolved  Ba^  concentrations  tended  to  increase.  Upgradient  from 
the  landfill,  the  concentrations  of  dissolved  organic  carbon,  sulfate  and  barium  were  2.9  mg/L, 
1.2  mM  (approximately  120  mg/L),  and  1  ^iM  (approximately  140  ng/L),  respectively. 
Downgradient  from  the  landfill  and  within  the  anoxic  plume,  these  concentrations  were  159 
mg/L,  0.1  mM  (approximately  10  mg/L),  and  52  ^iM  (approximately  7,100  |ag/L),  respectively. 
These  measurements  suggest  that  sulfate  reduction  was  releasing  Ba"^^  from  barite  in  the 
sediments  in  the  aquifer.  Interestingly,  the  Fe^  concentration  also  increased,  with  the  highest 
concentration  being  145  times  greater  in  the  landfill  leachate-contaminated  groundwater  than  in 
the  background  sample  of  groundwater.  The  dissolved  Ba"^^  and  Fe"^  were  presumed  to  have 
originated  from  constituents  of  the  alluvium. 

Ulrich  et  al.  (2003),  also  performed  laboratory  studies  to  verify  that  Ba"^  release  was  due  to 
the  activities  of  sulfate-reducing  bacteria.  The  sediment  slurries  incubated  in  the  laboratory 
clearly  demonstrated  that  sulfate  consumption  led  to  soluble  Ba^  release  from  naturally 
occurring  barite  and  from  supplemented  barium  sulfate.  Furthermore,  some  cultures  were  treated 
with  molybdate  (5  mM),  which  is  a  potent  inhibitory  of  sulfate-reducing  bacteria.  No  release  of 
soluble  Ba^  was  observed  in  those  cultures. 

2  OBJECTIVES 

It  is  has  been  clearly  demonstrated  that  under  sulfate-reducing  conditions,  microbial 
processes  will  consume  sulfate  and  thereby  increase  the  concentrations  of  dissolved  Ba^"*"  in 
cultures  or  environments  that  contain  barite  (e.g.  McCready  et  al.  1980;  Fedorak  et  al.  1984; 
Phillips  et  al.  2001;  Ulrich  et  al.  2003).  However,  it  was  hypothesized  that  microbial  activities 
would  not  increase  the  concentration  of  dissolved  Ba^^  from  barite  under  other  redox  conditions 
including:  aerobic,  nitrate-reducing,  Mn(IV)-reducing,  Fe(III)-reducing  and  methanogenic 
conditions.  Thus,  the  objective  of  this  study  was  to  determine  whether  the  concentration  of 
dissolved  Ba^^  increased  in  barite-containing  microcosms  that  were  subjected  to  these  various 
redox  conditions  that  promote  different  microbial  processes. 
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3  MATERIALS  AND  METHODS 

3.1  Soil  samples 

Two  soil  samples  were  provided  by  Komex  International  Ltd.  One  sample,  designated  as 
the  contaminated  soil,  contained  drilling  mud  that  had  been  spilled  in  late  1985.  The  other  soil 
sample,  referred  to  as  the  background  soil,  contained  no  drilling  mud.  Both  soils  were  collected 
from  an  oilfield  lease  in  the  vicinity  of  Pincher  Creek,  Alberta.  The  contaminated  soil  was 
collected  from  a  stockpile  of  excavated  material.  The  material  was  excavated  as  part  of  a  process 
to  remediate  soil  at  the  site  contaminated  with  invert  drilling  mud  (contaminants  including 
weathered  diesel  and  barium  sulfate).  The  background  sample  was  collected  from  subsoil  in  an 
uncontaminated  part  of  the  same  lease  site.  Top  soil  was  removed,  and  the  sample  was  collected 
from  a  depth  of  approximately  1  m  below  ground  surface. 

Analyses  done  by  Enviro-Test  Laboratories  showed  that  the  barium  concentrations  in  the 
background  and  the  contaminated  soils  were  204  and  2,150  mg/kg,  respectively.  Enumerations 
of  sulfate-reducing  bacteria  (done  in  our  laboratory)  gave  numbers  of  9/g  and  9.3  x  10^/g  (wet 
weight)  in  the  background  and  contaminated  soils,  respectively. 

3.2  Microcosm  preparation 

One  hundred  and  twelve  microcosms  were  established  for  this  study.  They  are  summarized 
in  Table  3.1,  and  described  in  more  detail  in  the  following  sub-sections  based  on  the  terminal 
electron  acceptor  process  that  was  studied. 

The  aerobic  microcosms,  in  which  O2  was  the  terminal  electron  acceptor,  were  incubated  in 
Erlenmeyer  flasks  with  foam  plugs  to  allow  air  exchange  into  and  out  of  the  flasks.  All  of  the 
other  microcosms  were  prepared  using  strict  anaerobic  techniques  to  ensure  that  O2  was 
excluded.  Each  microcosm  received  50  g  of  soil  as  the  source  of  microorganisms.  For  the 
anaerobic  microcosms,  the  soil  was  dispensed  into  sterile  158-mL  serum  bottles  in  an  anaerobic 
chamber  with  an  atmosphere  of  5%  H2,  10%  CO2,  balance  N2.  Although  H2  serves  as  an  electron 
donor  (energy  source)  in  most  anaerobic  environments,  no  attempt  was  made  to  remove  the  H2 
from  the  headspace  gas  of  the  serum-bottle  microcosms. 

To  prepare  the  sterile  controls,  covered  flasks  or  sealed  serum  bottles  containing  the  50-g 
soil  sample  were  autoclaved  for  1  h  on  3  consecutive  days.  After  adding  the  sterile  medium  to 
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the  autoclaved  soil,  the  controls  were  supplemented  with  chloroform  to  a  final  concentration  of 
1%  (v/v)  to  further  reduce  the  chances  of  microbial  growth  (Albrechtsen  et  al.  1995). 


Table  3.1  Summary  of  the  microcosms  established  during  this  study. 


Condition 

Incubation  in 

No.  of  sterile 
controls 

No.  of  viable 
cultures  with 
BaS04 

No.  of  viable 
cultures 
without 
BaS04 

Aerobic 

Shake  flasks 

2 

5^ 

2' 

Nitrate-reducing 

Serum  bottles 

2 

5^ 

T 

Mn(IV)-reducing 

Serum  bottles 

2 

5^ 

T 

Fe(III)-reducing 

Serum  bottles 

2 

5^ 

T 

Sulfate-reducing 

Serum  bottles 

2 

5^  +  5^ 

T 

Sulfate-reducing^ 

Serum  bottles 

2' 

Sulfate-reducing^ 

Serum  bottles 

2^ 

5g,c  ^  5g,f 

2g  c  4. f 

Sulfate-reducing^'^ 

Serum  bottles 

5g.h,c  ^  ^g,h,f 

0 

Methanogenic-AS^ 

Serum  bottles 

2 

5^ 

T 

Methanogenic-NAS'' 

Serum  bottles 

2 

5^ 

T 

^  Supplemented  with  anaerobic  sewage  sludge  as  a  source  of  methanogenic  community 
^  No  anaerobic  sewage  sludge  supplementation. 

Supplemented  with  1  g  lactate/L  (100  mg  lactate/microcosm). 
^  Contaminated  soil 

^  Supplemented  with  1  g  glucose/L  (100  mg  glucose/microcosm). 
^  Without  electron  donor  supplementation 

^  Background  soil  supplemented  with  10  mL  SRB  enrichment  culture. 
^  Each  microcosm  contains  10,000  ppm  (500  mg)  of  barium  sulfate 

For  each  incubation  condition,  two  sterile  controls,  five  or  ten  viable  microcosms 
supplemented  with  barium  sulfate,  and  two  or  four  microcosms  without  barium  sulfate  were 
prepared  (Table  3.1).  High  purity  (98%)  barium  sulfate  (Aldrich  Chemical  Company, 
Milwaukee,  WI)  was  used  in  these  experiments.  In  most  cases,  100  mg  of  barium  sulfate  was 
added  to  the  microcosms  (Table  3.1),  which  was  equivalent  to  a  soil  that  contained  2,000  ppm 
barium  sulfate.  In  a  few  cases,  500  mg  of  barium  sulfate  was  added  to  the  microcosms  (Table 
3.1),  which  was  equivalent  to  a  soil  that  contained  10,000  ppm  barium  sulfate.  The  appropriate 
amount  of  barium  sulfate  was  added  to  the  soil-containing  serum  bottle  just  before  the  sterile 
culture  medium  was  added.  The  microcosms  were  then  sealed  and  in  most  cases  the  viable 
microcosms  were  supplemented  with  an  electron  donor. 

The  media  used  by  Fedorak  et  al,  (1997)  were  modified  for  use  in  these  microcosms 
studies.  In  each  case,  sulfate  was  omitted  from  the  medium  so  that  the  only  source  of  sulfate  was 


9 


the  sulfate  in  the  soil  or  the  added  barium  sulfate.  Sulfate-free  media  were  used  to  prevent  re- 
precipitation  of  any  Ba"*^  that  may  have  been  released  in  the  microcosms.  Each  medium 
contained  an  appropriate  electron  acceptor,  and  in  the  case  of  the  sulfate-reducing  microcosms, 
barium  sulfate  served  as  the  sole  sulfate  source.  To  ensure  that  there  would  be  microbial  activity 
in  the  viable  microcosms,  suitable  electron  donors  were  added  (Table  3.1).  In  most  cases, 
glucose  was  added  to  the  microcosms.  However,  lactate  was  added  to  some  of  the  sulfate- 
reducing  microcosms.  After  the  glucose  was  depleted  from  the  medium  more  glucose  or  lactate 
was  added  to  the  appropriate  microcosms. 

All  of  the  microcosms  were  incubated  in  the  dark  at  room  temperature  (approximately 
22°C).  From  each  group  of  five  viable  microcosms  with  barium  sulfate  (column  4,  Table  3.1), 
only  three  microcosms  were  monitored  for  microbial  activity.  The  other  two  microcosms  were 
established  as  "spares"  to  be  monitored  if  one  of  the  other  three  microcosms  was  inadvertently 
damaged. 

3.2.1  Aerobic  microcosms 

Each  aerobic  microcosm  contained  50  g  of  background  soil  in  a  500-mL  Erlenmeyer  with 
100  mL  of  medium  (see  Appendix,  section  Al).  Nine  microcosms  were  prepared.  Five  of  these 
contained  viable  cultures,  with  100  mg  of  barite  added,  and  were  supplemented  with  1  mL  of  a 
100  g  glucose/mL  solution  for  a  final  glucose  concentration  of  1  g/L.  Two  aerobic  microcosms 
contained  viable  cultures,  but  no  barite  was  added.  These  were  also  supplemented  glucose. 
Glucose  was  replenished  in  these  seven  microcosms  on  a  weekly  basis. 

The  last  two  microcosms  were  sterile  controls.  Each  was  prepared  by  adding  5  mL  of 
water  to  50  g  of  soil  for  and  this  was  autoclaved  for  1  h  on  3  consecutive  days.  Sterile  medium 
(100  mL)  and  100  mg  of  barite  were  added  to  each  flask  along  with  chloroform  to  a  final 
concentration  of  1%  v/v  to  minimize  chances  of  microbial  growth.  No  glucose  was  added  to  the 
sterile  controls. 

All  of  the  microcosms  were  incubated  in  the  dark  at  room  temperature,  shaking  at  200 
rpm.  The  two  sterile  controls,  two  viable  microcosms  with  no  barite,  and  three  of  the  viable 
microcosms  with  barite  were  monitored  for  soluble  Ba^"^,  and  glucose.  At  each  sampling  time, 
about  5  mL  of  slurry  were  removed  from  these  seven  microcosms  using  a  sterile  wide-mouth, 
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10-mL  pipette.  The  other  two  viable  microcosms  with  barite  were  not  monitored  but  kept  as 
spares  in  case  something  happened  to  one  of  the  other  three  microcosms. 

3.2.2  Nitrate-reducing  microcosms 

The  medium  composition  and  method  of  preparation  of  the  medium  used  for  the  nitrate- 
reducing  microcosms  are  given  in  section  A.3  of  the  Appendix.  Only  the  background  soil  was 
used  as  a  source  of  microorganisms  in  these  microcosms.  While  in  the  anaerobic  chamber,  each 
soil-containing  serum  bottle  received  100  mL  of  nitrate-reducing  medium  and  1  mL  of  a  sterile, 
anoxic  solution  that  contained  100  g  glucose/mL. 

3.2.3  Mn(IV)-reducing  microcosms 

Section  A. 4  in  the  Appendix  summarizes  the  composition  and  preparation  of  the  medium 
used  in  the  Mn(IV)-reducing  medium.  One  hundred  millilitres  of  this  medium  containing  a  slurry 
of  Mn02  as  the  source  of  Mn(IV)  were  added  to  each  serum  bottle  of  background  soil  along  with 
1  mL  of  anoxic,  sterile  glucose  solution. 

3.2.4  Fe(III)-reducing  microcosms 

The  medium  composition  and  method  of  preparation  of  the  medium  used  for  the  Fe(III)- 
reducing  microcosms  are  given  in  section  A.4  of  the  Appendix.  Fe(III)  was  added  as  a  slurry  of 
Fe(0H)3.  Only  the  background  soil  was  used  as  a  source  of  microorganisms  in  these 
microcosms.  In  the  anaerobic  chamber,  each  soil-containing  serum  bottle  received  100  mL  of 
Fe(III)-reducing  medium  and  1  mL  of  a  sterile,  anoxic  glucose  solution  (100  g/mL). 

3.2.5  Sulfate-reducing  microcosms 

Sulfate-reducing  microcosms  were  established  using  four  different  conditions  (Table  3.1). 
These  were:  (1)  using  background  soil  as  the  source  of  microorganisms,  and  adding  100  mg  of 
barium  sulfate;  (2)  using  contaminated  soil  as  the  source  of  microorganisms,  and  adding  100  mg 
of  barium  sulfate;  (3)  using  background  soil  supplemented  with  a  mixed  culture  of  sulfate- 
reducing  bacteria,  and  adding  100  mg  of  barium  sulfate;  and  (4)  using  background  soil 
supplemented  with  a  mixed  culture  of  sulfate-reducing  bacteria,  and  adding  500  mg  of  barium 
sulfate.  In  most  cases,  glucose  was  added  as  the  electron  donor.  However,  few  sulfate-reducing 
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bacteria  use  glucose  and  it  is  typically  metabolized  by  other  microorganisms  leaving  products 
that  can  be  used  by  sulfate-reducing  bacteria.  Thus,  the  addition  of  glucose  indirectly  stimulates 
the  activities  of  sulfate-reducing  bacteria.  Some  microcosms  were  supplemented  with  lactate 
(Table  3.1)  which  is  used  directly  by  many  sulfate-reducing  bacteria. 

Section  A.  5  in  the  Appendix  summarizes  the  composition  of  the  medium  used  in  the 
sulfate-reducing  microcosms.  One  hundred  millilitres  of  this  sulfate-free  medium  were  added  to 
each  serum  bottle  containing  the  appropriate  soil  inoculum  along  with  1  mL  of  anoxic,  sterile 
glucose  or  lactate  solution.  Sulfate  in  the  soil  and  the  added  barium  sulfate  served  as  the  electron 
acceptor  in  these  microcosms. 

The  numbers  of  sulfate-reducing  bacteria  in  each  soil  sample  were  determined  using  a 
three-tube  most  probable  number  method  (section  3.4).  Because  of  the  low  numbers  of  sulfate- 
reducing  bacteria  in  the  background  soil  (9/g  wet  weight),  a  mixed  culture  of  sulfate-reducing 
bacteria  was  added  to  some  of  the  microcosms  that  received  the  background  soil  to  help  reduce 
the  time  to  obtain  active  sulfate  reduction  in  the  barium  sulfate-containing  microcosms.  This 
mixed  culture  was  derived  from  the  contaminated  soil  as  follows.  After  incubating  for  1  month, 
there  was  abundant  growth  of  sulfate-reducing  bacteria  in  each  10"'  dilution  tube  of  medium  in 
the  most  probable  number  procedure.  The  contents  of  each  of  these  three  tubes  were  transferred 
to  separate  serum  bottles  that  contained  100  mL  of  modified  Butlin's  medium  (Fedorak  et  al. 
1987).  These  three  serum-bottle  cultures  were  incubated  for  6  weeks  and  then  the  cells  were 
collected  and  washed  to  remove  residual  sulfate  from  the  modified  Butlin's  medium,  as  outlined 
below. 

The  three  100-mL  cultures  were  shaken  vigorously  and  equal  volumes,  of  about  150  mL, 
were  transferred  into  each  of  two  sterile  centrifuge  bottles  that  were  being  flushed  with  02-free 
nitrogen.  These  were  centrifuged  at  16,000  x  g  for  20  min,  and  the  supernatant  was  removed. 
Then  75  mL  of  sterile,  anoxic  0.85%  saline  (0.85  g  NaCl  in  100  mL  water)  was  added  to  each 
centrifuge  bottle,  under  a  stream  of  02-free  nitrogen,  and  the  cells  were  re-suspended. 
Eleven  milliliters  of  cell  suspension  from  each  bottle  were  transferred  to  an  02-free  gas-flushed 
serum  bottle.  This  was  sealed  and  autoclaved  to  provide  heat-killed  cells  for  the  control 
microcosms. 

The  remainder  of  the  suspension  (about  130  mL)  from  each  centrifuge  bottle  was 
transferred  into  a  sterile,  02-free  gas-flushed,  300-mL  centrifuge  bottle  containing  sterile,  anoxic 
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sulfate-free  medium  for  sulfate-reducing  bacteria  (section  A.  5).  Nine-millilitre  portions  of  this 
cell  suspension  were  added  to  each  of  the  24  microcosms  containing  the  background  soil  sample. 
The  residual  sulfate  concentration  and  the  numbers  of  sulfate-reducing  bacteria  in  the  remaining 
suspension  were  determined.  The  cell  suspension  contained  9  mg  sulfate/L  and  2.3x10^  sulfate- 
reducing  bacteria/mL. 

3.2.6  Methanogenic  microcosms 

The  medium  composition  and  method  of  preparation  of  the  medium  used  for  the 
methanogenic  microcosms  are  given  in  section  A.6  of  the  Appendix.  Only  the  background  soil 
was  used  as  a  source  of  microorganisms  in  these  microcosms.  While  in  the  anaerobic  chamber, 
each  soil-containing  serum  bottle  received  100  mL  of  methanogenic  medium  and  1  mL  of  a 
sterile,  anoxic  solution  that  contained  100  g  glucose/mL.  It  was  not  known  whether  the 
background  soil  would  contain  any  methanogens,  which  are  fastidious,  strict  anaerobes. 
Therefore  two  sets  of  methanogenic  microcosms  were  established  (Table  3.1).  One  set  received 
only  the  soil,  and  a  second  set  received  the  soil  and  1 0  mL  of  anaerobic,  domestic  sewage  sludge 
from  the  Gold  Bar  Waste  Water  Treatment  Plant  in  Edmonton.  This  sludge  has  served  as  a 
source  of  methanogenic  microorganisms  in  many  previous  studies  in  our  laboratory. 

3.3  Monitoring  microbial  activities  in  the  microcosms 

Table  3.2  summarizes  the  various  microcosms  that  were  established  and  the  times  at  which 
samples  will  be  taken  for  specific  chemical  analyses.  At  each  sampling  time,  a  10-mL  syringe 
was  used  to  remove  slurry  samples  from  an  anaerobic  microcosm.  Each  sample  was  transferred 
to  a  15-mL,  plastic  screw  cap  tube  (Sarstedt,  Newton  NC).  The  samples  were  then  stored  at 
-20°C  until  sub-samples  were  removed  after  quickly  thawing  the  samples.  The  samples  were 
centrifuged  at  the  highest  speed  of  a  bench-top  clinical  centrifuge  (International  Equipment 
Company,  Needham,  Mass)  for  5  min  to  provide  the  supernatant  for  analyses. 

3.4  Enumeration  of  sulfate-reducing  bacteria 

Sulfate-reducing  bacteria  were  enumerated  using  a  three-tube  most  probable  number 
method  with  modified  Butlin's  medium  in  Kaput®-covered  tubes  (Fedorak  et  al.  1987).  Each  tube 
contained  two  acid-washed  2.5-cm  finishing  nails  to  help  reduce  the  medium  and  to  serve  as  an 
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indicator  of  sulfate  reduction.  Sulfide  produced  by  the  sulfate-reducing  bacteria  reacted  with  the 
nail  to  yield  black  iron  sulfide.  Thus,  those  tubes  of  medium  that  contained  a  black  nail  after  30 
days  incubation  at  room  temperature,  were  scored  positive  for  growth  of  sulfate-reducing 
bacteria. 


Table  3.2  Summary  of  the  microcosms  and  the  planned  monitoring  schedule  for  this  project. 

 Analyses  done 

Ba  ,  glucose 

Ba"^,  glucose,  nitrate 

Ba"^,  glucose,  Mn(II) 

Ba"^,  glucose,  Fe(II) 

Ba"*^,  glucose,  sulfide 

Ba"^"^,  sulfide 


Ba  ,  glucose,  sulfide, 
methane 

Ba^,  glucose,  sulfide, 
methane 


Microcosms 

Sampling  times 

Aerobic 

A    7    1  C  1f\ 

u,  /,  JU, 

and  60  days 

Nitrate-reducing 

U,  U.J,  1 ,  J, 

and  4  months 

Mn(IV)-reducing 

U,  U.D,  1,  J, 

and  4  months 

Fe(III)-reducing 

0,  0.5,  1,3, 

and  4  months 

Sulfate-reducing:  Background  and 

0,  0.5,1,2,3, 

contaminated  soils 

and  4  months 

Sulfate-reducing:  Background  soil 

0,  0.5,  1,2,3, 

supplemented  with  SRB  and  500  mg  BaS04 

and  4  months 

Methanogenic-without  sewage 

0,  0.5,  1,3, 

and  4  months 

Methanogenic-with  sewage 

0,  0.5,1,3, 

and  4  months 

3.5  Analytical  methods 
3.5.1  Glucose  analysis 

Glucose  concentrations  were  determined  using  a  colorimetric  method  with  3,5- 
dinitrosalicylic  acid  (DNS)  (Miller  1959).  A  1-mL  portion  of  supernatant  from  a  microcosm  (or 
dilutions  of  the  supernatant  yielding  1  mL  final  volume)  was  mixed  with  1  mL  of  DNS  reagent 
and  this  was  heated  at  90°C  for  5  min.  After  cooling,  the  absorbance  at  540  nm  was  measured 
using  a  Philips  Model  PU  8740  UVA^IS  scanning  spectrophotometer. 
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The  DNS  reagent  was  prepared  by  dissolving  10  g  DNS,  300  g  potassium  sodium  tartrate 
and  16  g  sodium  hydroxide  in  1  L  of  warm  distilled  water.  The  reagent  was  stored  in  a  sealed 
dark  glass  container. 

3.5.2  Nitrate  analysis 

A  colorimetric  assay  was  used  to  monitor  the  concentrations  of  nitrate  in  the  anaerobic 
cultures  that  were  incubated  under  nitrate-reducing  conditions.  The  assay  was  modified  from  that 
reported  by  Cataldo  et  al.  (1975)  and  is  based  on  the  principle  that  nitrate  in  the  sample  causes 
nitration  of  salicylic  acid  under  acidic  conditions.  This  causes  the  formation  of  a  yellow 
compound  that  can  be  detected  at  a  wavelength  of  410  nm  after  the  sample  has  been  adjusted  to 
pH>12. 

The  method  was  scaled-down  so  that  only  0.1  mL  of  culture  supernatant  was  needed  for  the 
analysis.  To  construct  a  calibration  curve,  this  volume  of  standard  nitrate  solution,  containing 
from  1  to  60  |j.g  nitrate  per  0. 1  mL,  was  mixed  with  0.4  mL  salicylic  acid  (5%  w/v)  in 
concentrated  H2SO4  and  allowed  to  react  at  room  temperature  for  20  min.  The  reaction  mixture 
was  then  placed  on  ice,  and  9.5  mL  of  2  M  NaOH  was  added  very  slowly.  After  cooling,  the 
absorbance  of  the  yellow  solution  was  measured  at  410  nm.  The  method  gave  a  calibration  curve 
which  was  linear  up  to  300  mg  nitrate/L. 

3.5.3  Extractable  Mn(II)  analysis 

As  part  of  the  measurement  of  microbial  activity  under  Mn(IV)-reducing  conditions,  the 
microcosms  were  monitored  for  the  production  of  Mn(II).  Analyses  were  done  using  a  Perkin- 
Elmer  AAnalyst  700  Atomic  Absorption  Spectrophotometer  (AA)  equipped  with  a  Mn  lamp, 
measuring  the  absorbance  at  279.5  nm.  Manganese  was  added  to  microcosms  as  amorphous 
Mn02  [Mn(IV)]  (Lovley  and  Phillips,  1988).  Although  the  form  of  manganese  [Mn(II)  or 
Mn(IV)]  cannot  be  differentiated  by  AA,  only  Mn(II)  is  extracted  into  0.5  M  HCl  (Lovley  and 
Phillips,  1988).  Thus,  microcosm  samples  (0.1  mL  of  slurry)  were  added  to  5  mL  of  0.5  M  HCl 
to  extract  the  Mn(II).  After  15  min,  this  was  centrifiiged  and  the  supernatant  was  filtered  (0.22 
l^m),  diluted  in  CaCb  solution  and  then  analyzed  by  AA  to  determine  the  amount  of  Mn(II) 
present. 
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Standard  manganese  solutions  were  prepared  from  a  commercially-available  manganese 
solution  (Mn  metal  in  0.3  M  HNO3,  995  |ig/mL).  The  typical  calibration  curve  for  manganese 
analysis  was  linear  up  to  8  mg  Mn/L. 

3.5.4  Soluble  Fe(II)  analysis 

Numerous  microorganisms  have  recently  been  identified  which  are  capable  of  obtaining 
energy  for  growth  by  coupling  the  oxidation  of  organic  compoimds  to  ferric  iron  reduction.  The 
most  common  way  to  measure  this  activity  is  to  monitor  the  increase  in  ferrous  iron  [Fe(II)]  over 
time  using  the  ferrozine  assay,  as  outlined  by  Lovley  and  Phillips  (1986).  Ferrozine,  3-(2- 
pyridyl)-5,6-bis(4-phenylsulfonic  acid)-l,3,5-triazine,  reacts  with  divalent  iron  to  form  a  stable 
magenta  complex  which  is  water-soluble  and  can  be  measured  spectrophotometrically  (Stookey, 
1 970).  This  assay  is  simple,  quick,  and  reproducible,  and  has  been  used  extensively  by  Gieg  et 
al.  (1998)  and  Greene  et  al.  (1998)  to  monitor  microbial  Fe(III)-reducing  activity. 

Fe(II)  standards  for  the  ferrozine  assay  were  prepared  by  dissolving  1 .404  g 
Fe(NH4)2(S04)2-6H20  in  20  mL  H2SO4  and  50  mL  H2O.  The  solution  was  brought  to  volume  in 
a  100-mL  volumetric  flask,  resulting  in  a  2000  mg/L  stock  Fe(II)  solution.  This  stock  solution 
was  then  diluted  with  distilled  water  into  several  standard  solutions  ranging  from  0  to  50  mg 
Fe(II)/100  mL.  Depending  on  the  amount  of  Fe(II)  to  be  assayed,  0.1  mL  [containing  0  to  50  jxg 
Fe(n)]  or  1 .0  mL  [containing  0  to  500  |ig  Fe(II)]  of  these  standard  solutions  could  then  be 
removed  for  reaction  with  ferrozine. 

For  the  ferrozine  assay,  standards  or  culture  samples  (0.1  mL)  were  added  to  test  tubes 
containing  5  mL  of  0.5  M  HCl.  The  tubes  were  vortexed  and  allowed  to  sit  for  at  least  15  min  to 
allow  the  dissolution  of  acid-soluble  iron.  Then,  0.1  mL  of  the  acid  solution  was  added  to  a 
separate  test  tube  containing  5  mL  of  ferrozine  (1  g/L)  in  50  mM  HEPES  (A^2-hydroxy- 
ethylpiperazine-A/'-2-ethanesulfonic  acid)  buffer  (at  pH  7).  The  tubes  were  vortexed  again  and 
the  absorbance  at  562  nm  was  measured  on  a  Philips  Model  PU  8740  UVA^IS  scanning 
spectrophotometer. 

Fe(II)  standards  were  prepared  as  described  above  and  1 .0  mL  of  each  standard  was 
analyzed  by  the  ferrozine  assay.  The  calibration  curve  obtained  by  plotting  A562  vs  amount  of 
Fe(n)  (0  to  500  ^ig)  was  linear. 
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3.5.5  Sulfate  analysis 

Sulfate  analyses  were  done  by  ion  chromatography  was  using  a  Dionex  DX600  instrument 
with  lonpac  AS9-HC  (4  mm)  and  AG9-HC  (4  mm)  cohimns  in  series.  The  ASRS-Ultra  (4  mm) 
suppressor  was  operated  in  the  recycle  mode  The  mobile  phase  was  9  mM  carbonate  with  a  flow 
rate  of  1  mL/min.  The  sample  loop  size  was  25  ^L. 

3.5.6  Sulfide  analysis 

The  method  of  Ulrich  et  al.  (1997)  was  used  to  measure  the  concentration  of  sulfide  in 
the  slurries  in  the  microcosms.  This  is  an  adaptation  of  a  similar  method  described  by  Fossing 
and  Jorgensen  (1989).  Chromium  reducible  sulfides  (including  elemental  sulfur  and  pyrite),  and 
acid  volatile  sulfides  (free  sulfide  and  FeS)  were  released  from  the  slurry  as  H2S  which  was 
trapped  in  an  anoxic  zinc  acetate  solution  that  was  prepared  by  adding  50  g  of  zinc  acetate  to  500 
mL  of  freshly  boiled  water,  and  then  sparging  with  02-free  nitrogen  while  the  solution  cooled. 
One  hundred  millilitre  portions  of  the  solution  were  dispensed  into  158-mL  serum  bottles  that 
had  been  flushed  with  02-free  nitrogen,  and  these  were  stoppered  and  sealed. 

In  preparation  for  the  analysis,  a  small  test  tube  was  placed  into  a  120-mL  serum  bottle 
and  the  tube  and  bottle  were  flushed  with  02-free  nitrogen  While  still  flushing,  2.5  mL  of  anoxic 
zinc  acetate  solution  were  added  to  the  test  tube.  Then  the  bottle  was  stoppered  and  sealed 
leaving  the  test  tube  inside.  These  were  placed  in  an  anaerobic  chamber  and  weighed. 

Each  microcosms  was  shaken  well,  and  a  sample  of  slightly  less  that  2  g  (approximately 
1 .5  mL)  of  slurry  was  removed  with  a  syringe  and  this  was  quickly  injected  into  the  tared  serum 
bottle,  ensuring  that  none  of  the  slurry  was  placed  into  the  tube  of  zinc  acetate.  The  wet  weight 
of  the  slurry  sample  was  recorded.  Then,  using  a  syringe,  8  mL  of  1  M  Cr(II)-HCl  solution  was 
added  to  the  slurry  sample.  The  Cr(II)-HCl  solution  was  prepared  by  placing  200  g  of  mossy  zinc 
in  a  large  bottle.  The  zinc  was  covered  with  0.5  M  HCl  and  left  to  react  until  the  zinc  surface  was 
clean  and  bright.  Then  the  HCl  was  discarded,  and  the  bottle  was  then  flushed  with  02-free 
nitrogen.  Separately,  133  g  of  CrCb  6H2O  was  dissolved  in  500  mL  of  0.5  M  HCl.  The  Cr(III) 
solution  was  dark  green.  The  solution  was  reduced  by  reacting  it  with  the  freshly  prepared  zinc 
while  being  continuously  flushed  with  02-free  nitrogen.  After  about  30  min,  the  solution  became 
blue  indicating  the  formation  of  Cr(II). 
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After  adding  the  Cr(II)-HCl  solution  to  the  slurry  sample,  4  mL  of  12  M  HCl  were  added 
with  a  syringe  and  then  the  bottle  was  placed  on  a  shaker  at  150  rpm  for  48  h.  During  this  time, 
the  liberated  sulfide  formed  H2S  which  was  trapped  in  the  zinc  acetate  solution  in  the  test  tube. 
The  test  tube  was  removed  from  the  serum  bottle  in  order  to  determine  the  amount  of  sulfide  that 
was  trapped  as  insoluble  zinc  sulfide.  This  precipitate  tended  to  stick  to  the  glass  wall  of  the  test 
tube,  making  it  difficult  to  obtain  a  representative  sample.  This  problem  was  resolved  by 
covering  the  test  tube  with  a  rubber  cap,  adding  4  drops  of  0.5  M  HCl  to  the  tube  with  a  syringe, 
and  vortexing  the  tube.  This  washed  the  precipitate  off  the  walls,  and  resulted  in  a  pH  around 
5.6,  which  was  well  within  the  range  for  the  test  kit  used  for  sulfide  analysis.  After  vortexing,  the 
rubber  cap  was  removed  and  the  sulfide  concentration  was  measured  using  a  CHEMetrics  sulfide 
analysis  kit  (CHEMetrics,  Calverton,  VA).  This  analysis  is  based  on  the  reaction  of  sulfide  to 
produce  methylene  blue. 

3.5.7  Methane  analysis 

Methane  was  analyzed  with  a  Hewlett  Packard  model  5 700 A  GC  and  the  packed  column 
(Budwill  et  al.  1996).  Methane  standards  were  prepared  in  rigid  containers  as  outlined  by  Nelson 
(1971).  Samples  of  0.1  mL  headspace  gas  from  microcosms  were  analyzed  by  this  method. 
Results  were  expressed  as  percent  by  volume,  and  these  were  not  corrected  for  temperature,  pres- 
sure or  vapor  pressure  of  water  in  the  closed  microcosms. 

3.5.8  Soluble  barium  analysis 

Barium  analyses  were  done  using  a  Perkin-Elmer  AAnalyst  700  Atomic  Absorption 
Spectrophotometer  equipped  with  both  a  flame  and  a  HGA  graphite  fiimace  system.  Analyses 
were  preformed  using  a  barium  hollow  cathode  lamp  at  553.6  nm  with  a  slit  width  of  0.2  low  slit 
height.  Absorption  was  measured  as  integration  of  peak  area  and  barium  concentrations  were 
measured  as  |ig/L. 

The  concentration  of  barium  in  solutions  was  measured  using  the  protocol  recommended 
by  the  manufacturer.  Using  the  automated  AA  system,  20  ^iL  of  the  sample  in  0.2%  (v/v)  high 
purity  nitric  acid  (Trace  metal  grade,  Cat.  no.  A5095K-212  Fisher  Scientific)  was  dried  for  20  s 
at  100°C  followed  by  45  s  at  170°C,  pretreated  for  25  s  at  1200°C  and  then  atomized  for  5  s  at 
2550°C  in  a  pyrolytically  coated  graphite  tube. 
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Standards  were  prepared  using  a  Ba  reference  solution  (Certified  reference  standard 
solution,  Fisher  Scientific).  All  glassware  was  soaked  in  5%  high  purity  nitric  acid  and  all 
plasticware  was  soaked  in  0.2%  high  purity  nitric  acid  prior  to  use.  After  4  to  5  days  of  soaking, 
these  were  rinsed  with  deionized  water  (MilliQ  grade)  and  dried  before  use.  Supernatant  samples 
from  the  microcosms  were  filtered  through  13-mm  diameter,  (0.45-|Lim  pore  size)  nitrocellulose 
filters  (Millipore  HAWP01300).  Each  filter  was  placed  in  reusable  Swinnex  (SX0001300)  casing 
attached  to  a  syringe  that  was  used  to  force  the  sample  through  the  filter  to  yield  a  particulate- 
free  sample  for  AA  analysis. 

During  the  evaluation  of  the  barium  analysis  method,  some  samples  were  ashed  using  a 
method  adapted  from  McDonald- Stephens  and  Taylor  (1995).  Briefly,  samples  in  borosilicate 
test  tubes  were  dried  at  55°C  under  a  stream  of  air  and  then  ashed  at  500°C  to  drive  off  any 
potential  interfering  organic  material.  The  residual  ash  was  dissolved  in  0.2%  (v/v)  high  purity 
nitric  acid  and  the  barium  concentration  was  determined  by  AA. 

The  amount  of  soluble  Ba^^  in  the  microcosms  was  expressed  as  "released  Ba  (mg/kg  soil)" 
(wet  weight).  The  slurry  samples  taken  after  4  months  of  incubation  were  used  to  determine  the 
wet  weight  of  soil.  The  slurry  was  centriftiged  at  top  speed  in  a  clinical  centrifiige  for  5  min.  All 
of  the  supernatant  was  removed,  and  the  tube  with  the  wet  soil  was  weighed.  Then  the  soil  was 
quantitatively  removed  from  the  tube,  and  after  the  tube  was  washed  and  dried  it  was  weighed. 
The  mass  of  wet  soil  in  the  original  slurry  was  the  difference  between  the  weights.  Typically,  the 
wet  weights  were  between  1 .7  and  2.5  g. 

4  RESULTS  AND  DISCUSSION 
4.1  Evaluation  of  analytical  methods 

Most  of  the  analytical  methods  used  in  this  study  have  been  used  extensively  in  previous 
investigations  in  our  laboratory  (Fedorak  et  al.  1997;  Gieg  et  al.  1998;  Greene  et  al.  1998), 
therefore  they  were  used  without  ftxrther  evaluation.  Two  exceptions  were  the  analyses  for 
sulfide  and  for  soluble  barium.  These  were  both  evaluated  and  the  results  are  presented  in  the 
following  two  sections. 
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4.1.1  Sulfide  analysis 

The  utility  of  the  method  used  to  release  H2S  from  chromium  reducible  sulfides  and  from 
acid  volatile  sulfides  is  well  documented  (Fossing  and  Jorgensen  1989;  Ulrich  et  al.  1997).  Thus 
we  simply  applied  the  method  of  Ulrich  et  al.  (1997)  to  liberate  H2S  from  the  slurry  samples.  We 
focused  on  the  ability  to  recover  liberated  H2S  based  on  analyses  with  the  CHEMetrics  sulfide 
test  kit  which  has  been  used  successfully  in  our  laboratory  (Eckford  and  Fedorak  2002).  The 
preparation  of  standard  sulfide  solutions  is  quite  time  consuming  and  these  solutions  must  be 
prepared  fresh  each  time  samples  are  analyzed.  By  using  the  CHEMetrics  sulfide  test  kit,  there  is 
no  need  to  prepare  standard  sulfide  solutions  because  the  kit  provides  series  of  colored  standards 
against  which  the  reacted  sample  is  compared.  Although  the  method  is  very  convenient,  some 
accuracy  is  lost  because  of  the  limited  range  of  colored  standards  provided.  For  example,  two  of 
the  colored  standards  represent  30  mg/L  and  40  mg/L  sulfide.  If  the  color  of  the  reacted  sample 
falls  between  these  two  standards,  one  must  estimate  the  concentration  within  that  range. 
However,  strictly  quantitative  sulfide  analyses  were  not  needed  for  this  project  because  we 
simply  wanted  to  verify  that  sulfate  reduction  was  occurring  in  the  microcosms.  An  increase  in 
sulfide  concentration  would  verify  sulfate  reduction. 

The  method  for  sulfide  analysis  depended  on  recovering  released  sulfide  as  zinc  sulfide  in  a 
10%  (w/v)  zinc  acetate  solution.  To  evaluate  the  method,  a  fresh  solution  of  0.25  g  of  Na2S  9H2O 
in  10  mL  of  water  was  prepared.  Then  0.1  mL  of  this  solution  was  added  to  two  test  tubes  each 
containing  9.9  mL  of  10%  (w/v)  zinc  acetate  solution.  The  concentration  of  sulfide  (precipitated 
as  zinc  sulfide)  in  each  of  the  final  solutions  was  calculated  to  be  33  mg/L.  Using  the 
CHEMetrics  sulfide  test  kit,  the  concentration  of  sulfide  was  determined  to  be  about  35  mg/L. 
This  confirmed  that  the  CHEMetrics  method  could  accurately  measure  the  sulfide  concentration 
in  a  mixture  of  zinc  acetate  and  zinc  sulfide. 

To  evaluate  the  recovery  of  sulfide  using  the  method  of  Ulrich  et  al.  (1997),  2.5  mL  of  the 
zinc  sulfide  in  zinc  acetate  solution  (containing  33  mg  sulfide/L)  was  added  to  each  of  two  sealed 
serum  bottles.  Each  serum  bottle  was  anoxic,  and  contained  a  test  tube  with  2.5  mL  of  zinc 
acetate  solution.  After  adding  the  Cr(II)  solution  and  12  M  HCl,  the  serum  botties  were  placed  on 
a  shaker  at  150  rpm  for  48  h.  If  all  of  the  sulfide  in  the  serum  bottie  was  recovered  as  zinc  sulfide 
in  the  test  tube,  the  concentration  of  sulfide  in  the  test  tubes  would  be  near  33  mg/L.  Resuhs 
obtained  with  the  CHEMetrics  sulfide  test  kit,  gave  concentrations  of  about  34  and  35  mg/L  in 
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samples  from  the  two  serum  bottles.  These  results  indicated  that  the  method  used  for  sulfide 
determination  was  certainly  adequate  for  this  study. 

4. 1 .2  Soluble  barium  analysis 

Our  laboratory  had  no  previous  experience  doing  soluble  barium  (Ba^^  analyses,  thus 
various  aspects  were  investigated  to  ensure  accurate  and  reproducible  results.  The  AA 
spectrophotometer  automatically  prepared  dilutions  of  a  standard  Ba"^"*"  solution  to  generate 
calibration  curves.  The  calibration  was  linear,  with  correlation  coefficients  typically  >0.99. 

New  Swinnex  filter  casings  (see  section  3.4.8)  were  ordered  and  many  samples  and 
standards  were  filtered  during  preliminary  studies  (data  not  presented).  Subsequent  re-use  of  the 
filter  casings  suggested  that  residual  barium  remained  on  casings  and  that  rigorous  cleaning  of 
the  casings  was  required  between  uses.  This  was  verified  by  filtering  5  mL  of  MilliQ  water 
through  three  randomly  chosen  re-used  filter  casings  and  analyzing  these  for  barium.  Then  5  mL 
of  0.2%  high  purity  nitric  acid  was  filtered  through  the  same  filter  casings  and  analyzed  for 
barium.  No  barium  was  detected  in  two  of  the  three  samples  of  filtered  MilliQ  water.  In  the  third 
sample  of  filtered  MilliQ  water,  the  concentration  of  barium  was  1.5  |xg/L.  In  contrast,  barium 
was  detected  in  all  three  portions  of  filtered  nitric  acid,  with  concentrations  ranging  from  8  to  1 5 
\ig/L.  Thus,  it  was  evident  that  simply  rinsing  the  filter  casings  with  MilliQ  water  before  re-use 
would  not  adequately  remove  residual  barium.  Hence,  the  casings  were  cleaned  by  soaking  in 
0.2%  high  purity  nitric  acids  for  4  to  5  days  and  then  rinsing  with  copious  amounts  of  MilliQ 
water. 

To  verify  that  Ba^  was  not  lost  during  filtration,  a  solution  of  approximately  50  jig  Bsl'^/L 
was  prepared  and  analyzed  in  triplicate  by  AA.  These  analyses  gave  a  mean  concentration  of 
46±4.2  (standard  deviation)  \ig/L.  Then  three  portions  of  this  solution  were  filtered  using  three 
nitric  acid  cleaned  filter  casings.  AA  analyses  gave  a  mean  of  44±1 .4  |ig/L.  Thus,  no  significant 
amounts  of  Ba"^  were  lost  during  filtration.  In  addition,  this  experiment  also  demonstrated  that 
the  nitric  acid  cleaned  filter  casing  did  not  contaminate  the  sample  with  residual  barium  from 
previous  uses. 

Slurry  samples  from  the  microcosms  were  centrifiiged  in  a  clinical  centrifuge  to  provide 
supematants  for  various  analyses.  It  was  postulated  that  this  centrifiigation  might  be  adequate  to 
remove  the  insoluble  barium,  leaving  only  Ba^  in  the  supernatant.  Thus,  sample  filtration  may 
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not  be  required.  To  test  this  hypothesis,  a  slurry  containing  50  g  of  background  soil  and  100  mg 
of  barium  sulfate  in  100  mL  of  modified  Butlin's  medium  was  prepared  in  a  serum  bottle.  Slurry 
samples  were  removed  and  centrifuged.  Three  portions  of  the  supernatant  were  diluted  2 5 -fold  in 
MilliQ  water  and  analyzed  for  barium.  Three  additional  portions  of  the  supernatant  (5  mL  each) 
were  filtered  using  three  nitric  acid  cleaned  filter  casings,  and  analyzed  for  barium  after 
appropriate  dilutions  in  MilliQ  water.  The  mean  concentration  of  barium  in  the  samples  that 
were  centrifuged  and  filtered  were  45±1.3  p-g/L,  whereas  the  mean  concentration  of  barium  in 
the  samples  that  were  only  centrifuged  were  72±1 .6  |ig/L.  The  higher  concentration  in  the 
sample  that  was  only  centrifuged  indicated  that  particulate  barium  sulfate  contributed  to  the 
overall  barium  concentration.  Therefore,  centrifiigation  alone  was  not  adequate  to  remove 
barium  sulfate  from  the  supernatant,  and  filtration  was  required  to  yield  samples  for  Ba^^ 
analysis. 

The  solubility  product  of  barium  sulfate  is  1x10"'°  (Weast  1970).  Thus,  at  equilibrium,  the 
concentration  of  Ba"^  would  be  10"^  M  or  1.37  mg/L.  The  barium  concentration  in  the  25-fold 
dilution  of  the  centrifuged  and  filtered  supernatant  (described  in  the  previous  paragraph)  was 
45±1.3  ^ig/L.  Thus,  in  the  undiluted  supernatant,  the  concentration  was  1,100  |ig/L  or  1.1  mg/L. 
This  value  is  in  good  agreement  with  the  expected  concentration  calculated  on  the  solubility 
product. 

The  presence  of  organic  matter  can  interfere  with  the  AA  analysis  of  some  metals  (J.L. 
McDonald-Stephens,  University  of  Alberta,  personal  communication),  but  the  interference  can 
be  removed  by  ashing  samples  to  remove  the  organic  matter.  Thus  the  need  to  ash  samples  for 
Ba"^^  analysis  was  evaluated.  First,  a  100  ng  Ba^/L  solution  was  prepared  and  analyzed  by  AA 
(in  triplicate).  Three  portions  of  this  solution  were  put  through  the  ashing  procedure  (McDonald- 
Stephens  and  Taylor  1 995)  and  then  analyzed  by  AA.  The  mean  Ba^  concentration  of  the 
solution  that  was  not  ashed  was  101±4.1  ng/L  and  concentration  of  the  solution  that  was  ashed 
was  102±1.2  ng/L.  These  results  showed  excellent  recovery  of  Ba"^  during  the  ashing  procedure. 
Then,  a  slurry  of  50  g  of  the  contaminated  soil  was  made  in  100  mL  of  modified  Butlin's 
medium.  Slurry  samples  were  removed  and  centrifuged  yielding  a  supernatant  that  then  was 
filtered.  Three  portions  of  supernatant  were  ashed  analyzed  by  AA  and  two  portions  of 
supernatant  were  analyzed  without  being  ashed.  In  each  case,  the  portions  were  diluted  25-fold  in 
MilliQ  water  prior  to  AA  analysis.  The  mean  concentration  of  Ba^  in  the  samples  that  were  not 
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ashed  was  32±7  jag/L  and  the  mean  concentration  of  Ba   in  the  samples  that  were  ashed  was 
30±6.5  }ig/L.  These  concentrations  were  essentially  the  same,  indicating  that  the  time-consuming 
ashing  procedure  was  not  required  for  the  analyses  of  Ba"^  in  samples  from  the  microcosms. 

4.2  Results  from  microcosm  studies 

A  variety  of  microcosms  were  established  under  several  different  redox  conditions,  based 
on  the  terminal  electron  acceptors  supplied  to  the  microcosms.  In  general,  for  a  given  electron 
donor  (such  as  glucose),  the  energy  available  from  microbial  metabolism  via  redox  processes 
with  different  electron  acceptors  are  as  follows:  aerobic  >  nitrate-reducing  >  Mn(IV)-reducing  > 
Fe(III)-reducing  >  sulfate-reducing  >  COi-reducing  (methanogenic)  conditions.  The  resuhs  from 
the  microcosm  studies  are  presenting  in  this  order  of  decreasing  available  energy.  In  the  figures 
presented  in  this  report,  the  variability  in  the  measured  parameters  is  shown  with  error  bars 
representing  one  standard  deviation  above  and  below  the  mean.  In  many  cases,  the  plotted 
symbols  are  larger  than  the  extent  of  the  error  bars. 

4.2.1  Aerobic  microcosms 

It  was  hypothesized  that  no  Ba^"^  would  be  released  under  aerobic  conditions,  so  the  aerobic 
microcosms  were  only  incubated  for  2  months,  whereas  the  anaerobic  microcosms  were 
incubated  for  4  months.  Because  aerobic  metabolism  of  glucose,  a  readily  utilizable  growth 
substrate,  was  expected  to  be  rapid,  the  microcosms  were  re-supplemented  with  glucose  on  five 
occasions  over  the  2-month  incubation.  Figure  4.1  shows  the  glucose  concentrations  in  the 
aerobic  microcosms,  and  these  data  demonstrate  the  rapid  consumption  of  glucose  by 
microorganisms  in  the  background  soil.  No  glucose  was  added  to  the  sterile  controls. 

The  aerobic  cultures  were  incubated  with  vigorous  shaking  (at  200  rpm),  and  from  previous 
experience,  this  provides  ample  O2  to  cultures.  Therefore,  the  concentrations  of  dissolved  oxygen 
(the  electron  acceptor  under  aerobic  conditions)  were  not  measured  during  this  experiment. 

At  various  times,  slurry  samples  were  removed  from  the  microcosms,  and  the 
concentrations  of  soluble  Ba^^  in  supematants  were  measured.  These  values  were  divided  by  the 
wet  weight  of  soil  in  the  slurry  sample  taken  at  2  months,  and  the  results  are  shown  as  the 
"Released  Ba  (mg/kg  soil)"  in  Fig.  4.2.  The  data  show  that  the  amounts  of  soluble  Ba^  in  the 
sterile  control  ranged  from  4.4  to  6  mg/kg  soil  over  the  2-month  experiment.  Surprisingly,  the 
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Fig.  4.1.  Glucose  concentrations  in  the  aerobic  microcosms.  Concentrations  of  1  g/L  were 
estimated  based  on  the  amount  of  glucose  solution  added  immediately  after  re-supplementing 
with  at  0.2,  0.5,  0.7,  1.1,  and  1.8  months.  Error  bars  show  one  standard  deviation. 
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Fig.  4.2.  Release  of  soluble  Ba"*"^  in  the  aerobic  microcosms.  Error  bars  show  one  standard 
deviation. 

amounts  of  soluble  Ba^  in  the  viable  microcosms  that  were  supplemented  with  1 00  mg  barite 
were  higher  than  those  in  the  sterile  controls  after  1  month  and  2  months  incubation  (Fig.  4.2). 
The  released  Ba"^  values  were  7.5±0.2  and  8.1  ±0.3  mg/kg  soil  in  the  1  month  and  2  month 
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samples,  respectively.  Based  on  t-tests,  these  values  were  statistically  higher  (P<0.01)  than  the 
corresponding  control  values. 

The  release  of  soluble  Ba"^  under  aerobic  conditions  was  unexpected  because  according  to 
information  in  the  literature,  barite  dissolution  occurs  under  anaerobic  conditions,  mediated  by 
sulfate-reducing  bacteria  (McCready  et  al.  1980;  Fedorak  et  al.  1984;  Phillips  et  al.  2001;  Ulrich 
et  al.  2003).  However,  in  a  nearly  unintelligible  report,  Baldi  et  al.  (1996)  described  an 
experiment  in  which  barite-contaminated  anaerobic  sewage  sludge  was  aerated  and  barium 
concentrations  in  the  suspended  matter  were  monitored.  They  wrote,  "The  experiment 
demonstrated  that  there  was  an  *oxidizable'  fraction  of  barium  compounds  in  the  sewage  sludge 
which  explains  the  finding  of  lower  dissolved  Ba  concentration  in  the  oxidized  suspended 
matter."  This  statement  seems  to  indicate  that  soluble  Ba"^^  was  released  during  this  100-h 
experiment.  We  are  not  aware  any  other  report  of  barite  dissolution  under  aerobic  conditons. 

The  mechanism  leading  to  soluble  Ba"^^  release  in  our  aerobic  microcosms  in  unknown. 
However,  the  process  appears  to  be  microbially-mediated  because  there  was  very  little  change  in 
the  amount  of  soluble  Ba^  in  the  sterile  controls  (Fig.  4.2).  The  release  of  soluble  Ba^  was  most 
evident  in  the  viable  microcosms  that  were  supplemented  with  barite  and  glucose. 

4.2.2  Nitrate-reducing  microcosms 

Figure  4.3  summarizes  the  nitrate  concentrations  in  these  microcosms  that  contained 
background  soil.  The  initial  nitrate  concentrations  in  the  viable  microcosms  with  barite  and  in  the 
viable  microcosms  without  barite  were  3.1±0.0  g/L  and  3.5±0.1  g/L,  respectively.  After  2  weeks 
incubation,  the  corresponding  nitrate  concentrations  were  2.0±0  g/L  and  2.1±0  g/L.  The  sterile 
controls  (that  contained  1 00  mg  barite)  were  not  supplemented  with  glucose  to  minimize  the 
chance  of  microbial  growth  if  they  were  contaminated  during  sampling.  There  was  no  evidence 
of  nitrate  reduction  in  the  controls  because  the  nitrate  concentration  remained  at  about  3.4  g/L 
over  the  4  months  of  incubation  the  (Fig.  4.3).  The  nitrate  concentrations  in  the  two  sets  of  viable 
cultures  decreased  at  essentially  the  same  rate  and  by  month  3,  the  nitrate  was  depleted. 

The  initial  glucose  concentrations  in  the  viable  microcosms  with  100  mg  barite  and  in  the 
viable  microcosms  without  barite  were  0.93  g/L  and  0.94  g/L,  respectively  (Fig.  4.4).  After  2 
weeks  of  incubation,  no  glucose  was  detected  in  any  of  the  viable  microcosms  and  there  was 
virtually  no  nitrate  consumption  between  2  weeks  and  1  month  of  incubation  (Fig.  4.3) 
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Fig.  4.3.  Nitrate  concentrations  in  the  nitrate-reducing  microcosms.  Error  bars  show  one  standard 
deviation. 


Fig.  4.4.  Glucose  concentrations  in  the  nitrate-reducing  microcosms.  Glucose  concentrations 
immediately  after  re-supplementing  with  glucose  at  1.9,  2.2,  and  3.6  months  were  estimated 
based  on  the  amount  of  glucose  solution  added.  Error  bars  show  one  standard  deviation. 
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because  glucose  had  been  depleted.  To  maintain  the  nitrate-reducing  activity,  the  viable 
microcosms  were  re-supplemented  with  glucose  after  57,  67,  and  109  days  (1.9,  2.2  and  3.6 
months,  respectively)  of  incubation  (Fig.  4.4). 

The  results  in  Figs.  4.3  and  4.4  clearly  indicated  that  the  electron  donor  (glucose)  was 
being  consumed  at  the  expense  of  the  electron  acceptor  (nitrate).  In  addition,  there  was  an 
increase  in  gas  pressure  in  the  viable  microcosms,  which  is  consistent  with  nitrate  reduction 
leading  to  N2  production  during  denitrification. 

The  release  of  soluble  barium  is  summarized  in  Fig.  4.5.  Surprisingly,  there  was  an 
increase  in  the  amount  of  soluble  Ba^"^  in  the  "sterile"  controls  after  1  month  of  incubation. 
Despite  the  repeated  autoclaving  steps  and  the  addition  of  chloroform  to  these  microcosms,  it 
appears  that  some  microbial  activity  occurred  in  these  microcosms.  Figure  4.3  shows  there  was 
no  consumption  of  nitrate  in  the  "sterile"  controls.  Thus,  the  microbial  contaminants  in  the 
"sterile"  controls  were  likely  not  nitrate-reducing  bacteria.  The  release  of  Ba^  suggests  that 
sulfate-reducing  bacteria  were  active  in  the  "sterile"  controls.  It  is  often  very  difficult  to  kill  all 
microorganisms  in  soil,  and  some  genera  of  sulfate-reducing  bacteria  form  endospores.  These 
heat-resistant  forms  may  have  survived  autoclaving.  None  of  the  other  sterile  controls  prepared 
and  monitored  in  this  study  appeared  to  have  been  contaminated  with  microorganisms  that  would 
release  soluble  Ba^  from  barite. 

Nonetheless,  there  was  no  evidence  of  the  release  of  soluble  barium  in  the  viable  cultures 
(Fig.  4.5)  that  consumed  nitrate  (Fig.  4.3)  and  glucose  (Fig.  4.4).  There  is  a  considerable  amount 
of  information  in  the  literature  (Poduska  and  Anderson  1981;  Jenneman  et  al.  1986;  Mclnemey 
et  al.  1996;  Londry  and  Suflita  1999;  Eckford  and  Fedorak  2002)  showing  that  in  the  presence  of 
nitrate,  nitrate-reducing  bacteria  out-compete  sulfate-reducing  bacteria  and  retard  sulfate 
reduction.  Laboratory  (Londry  and  Suflita  1999;  Nemati  et  al  2001;  Eckford  and  Fedorak  2002) 
and  field  (Jenneman  et  al.  1997)  studies  have  demonstrated  that  nitrate-reducing  bacteria  can  be 
stimulated  in  oilfield  waters  by  the  addition  of  nitrate.  This  process  is  used  to  control  oilfield 
souring  caused  by  microorganisms.  This  same  mechanism  likely  occurred  in  the  glucose-  and 
nitrate-supplemented  microcosms,  preventing  release  of  soluble  barium  in  the  viable  cultures 
(Fig.  4.5)  because  of  the  stimulated  activities  of  nitrate-reducing  bacteria. 
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Fig.  4.5.  Release  of  soluble  Ba'*^'*'  in  the  nitrate-reducing  microcosms.  The  "sterile"  controls 
appear  to  have  been  contaminated  with  sulfate-reducing  bacteria.  Error  bars  show  one  standard 
deviation. 

4.2.3  Mn(IV)-reducing  microcosms 

Like  the  nitrate-reducing  microcosms,  the  Mn(IV)-reducing  microcosms  contained 
background  soil.  There  appeared  to  be  no  Mn(IV)-reducing  activity  in  the  sterile  control,  and  the 
soluble  Mn(II)  concentration  remained  essentially  constant  near  0.6  g/L  (Fig.  4.6).  In  contrast, 
there  was  an  increase  in  the  concentration  of  soluble  Mn(II)  from  0.5  to  1 .9  g/L  in  the  viable 
microcosms  over  the  4-month  incubation  period  (Fig.  4.6).  The  amount  of  Mn(II)  formed  was 
independent  of  the  presence  of  added  barite  in  the  microcosms. 

Glucose  was  consumed  rapidly  in  the  Mn(IV)-reducing  microcosms  (Fig.  4.7).  The  initial 
glucose  concentration  in  the  microcosms  with  and  without  added  barite  were  0.95  g/L  and  0.99 
g/L,  respectively.  All  the  glucose  was  depleted  after  2  weeks  incubation.  These  microcosms  were 
re-supplemented  with  glucose  after  42,  52,  and  93  days  (1.4,  1.7,  and  3.1  months,  respectively) 
of  incubation.  The  added  glucose  was  consumed  by  the  next  time  the  microcosms  were  analyzed 
for  glucose  concentrations.  No  glucose  was  added  to  the  sterile  controls.  The  increases  in  the 
consumption  of  glucose  and  the  increase  in  soluble  Mn(II)  concentrations  indicate  that  Mn(IV) 
reduction  occurred  in  the  viable  microcosms. 
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Fig.  4.6.  Soluble  Mn(II)  concentrations  in  the  Mn(IV)-reducing  microcosm.  Error  bars  are  one 
standard  deviation. 
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Fig.  4.7.  Glucose  concentrations  in  the  Mn(IV)-reducing  microcosms.  Glucose  concentrations 
immediately  after  re-supplementing  with  glucose  at  1 .4  and  1 .7  months  were  estimated  based  on 
the  amount  of  glucose  solution  added.  Error  bars  show  one  standard  deviation. 

Figure  4.8  shows  that  under  Mn(IV)-reducing  conditions,  soluble  Ba"^  was  released  in  the 
microcosms  that  were  supplemented  with  barite.  The  rate  of  soluble  Ba"^  release  in  these 
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microcosms  was  nearly  linear  (Fig.  4.8),  and  occurred  concurrently  with  Mn(IV)  reduction  (Fig. 
4.6). 

The  amount  of  soluble  Ba^  increased  in  each  of  the  three  replicate  microcosms,  but  the 
amount  of  release  in  one  of  these  was  considerably  lower  than  in  the  other  two  replicate 
microcosms.  This  variability  led  to  the  large  error  bars  in  the  3  and  4  month  averages  (Fig.  4.8), 
However,  at  4  months,  the  amount  of  soluble  Ba"*^  in  the  viable  microcosm  that  gave  the  least 
amount  of  soluble  Ba"^"^  release  was  28  times  greater  than  the  average  amount  in  the  sterile 
controls. 

The  average  amounts  of  soluble  Ba^^  in  the  barite-supplemented,  viable  microcosms  were 
compared  to  those  in  the  sterile  controls.  There  was  significantly  more  soluble  Ba^  in  the  viable 
microcosms  after  3  months  of  incubation  (P<0.05),  however,  because  of  the  large  variability  in 
the  data,  there  was  no  statistical  difference  after  4  months  of  incubation.  After  3  months  of 
incubation,  there  was  a  36-fold  increase  in  the  average  amount  of  released  soluble  Ba^  in  the 
barite-supplemented  microcosms  (Fig.  4.8). 
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Fig.  4.8.  Release  of  soluble  Ba^  in  the  Mn(IV)-reducing  microcosm.  Error  bars  are  one  standard 
deviation. 

The  simultaneous  release  of  soluble  Mn(ll)  and  Ba^^  in  these  microcosms  is  consistent  with 
the  field  observations  of  Martin  et  al.  (2003)  who  studied  the  release  of  ^^^Ra"^  from  (Ba,Ra)S04 
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sediments  in  a  disposal  pond  at  a  Canadian  uranium  mine.  They  reported  elevated  concentrations 
of  soluble  Mn(II)  and  Ba^  at  about  the  same  depths  of  the  sediments  in  the  pond.  Thus,  it 
appears  that  Ba"^  release  can  occur  while  active  Mn(IV)  reduction  occurs. 

4.2.4  Fe(III)-reducing  microcosms 

The  product  of  Fe(III)  reduction  is  Fe(II).  The  concentrations  of  Fe(II)  increased  with  time 
in  the  viable  microcosms  that  contained  background  soil  (Fig.  4.9).  The  initial  concentration  was 
0.2  g/L  and  after  4  months  of  incubation,  this  increased  to  near  4  g/L  in  the  viable  microcosms. 
The  Fe(n)  concentration  in  the  sterile  control  remained  constant  at  <0. 1  g/L  over  this  incubation 
time. 

Glucose  consumption  was  also  observed  in  the  Fe(III)-reducing  microcosms  (Fig.  4.10). 
Initially  the  microcosms  with  and  without  added  barite  contained  glucose  concentrations  of  1 . 1 
g/L.  No  glucose  was  detected  after  2  weeks  of  incubation.  The  microcosms  were  re- 
supplemented  with  glucose  after  41,  51,  and  92  days  (1.4,  1.7,  and  3.1  months,  respectively)  of 
incubation.  The  consumption  of  glucose  and  the  formation  of  Fe(II)  indicated  that  microbial 
Fe(in)  reduction  occurred  in  the  viable  microcosms. 
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Fig.  4.9.  Soluble  Fe(II)  concentrations  in  the  Fe(III)-reducing  microcosms.  Error  bars  show  one 
standard  deviation. 
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Fig.  4.10.  Glucose  concentrations  in  the  Fe(III)-reducing  microcosms.  Glucose  concentrations 
immediately  after  re-supplementing  with  glucose  at  1 .4  and  1 .7  months  were  estimated  based  on 
the  amount  of  glucose  solution  added.  Error  bars  show  one  standard  deviation. 

The  release  of  soluble  Ba"^  was  observed  in  microcosms  that  were  incubated  with  and 
without  added  barite  (Fig.  4. 11).  Over  the  4-month  incubation  period,  the  amount  of  soluble  Ba"^ 
remained  essentially  constant  in  the  sterile  control,  but  increased  1 0-fold  in  the  viable 
microcosms  without  added  barite,  and  43-fold  in  the  viable  microcosms  with  added  barite.  Based 
on  t-tests,  the  amounts  of  soluble  Ba^  in  the  viable  microcosms  were  significantly  greater 
(P<0.0\)  than  in  the  sterile  controls  after  4  months  incubation. 

The  results  in  Fig.  4.1 1  suggested  that  sulfate  reduction  might  have  occurred  in  the  Fe(III)- 
reducing  microcosms.  Thus,  sulfide  analyses  were  done  on  the  samples  that  were  removed  from 
these  microcosm  after  3  months  of  incubation.  The  sterile  controls  contained  3.1  ±0.9  p-g 
sulflde/g  soil,  whereas  the  viable  culture  that  was  supplemented  with  barite  contained  12±3  pg 
sulfide/g  soil.  These  results  indicate  that  sulfate  reduction  occurred  in  the  Fe(III)-reducing 
microcosms.  Fig.  4.1 1  shows  that  concentration  of  soluble  Fe(II)  increased  between  1  and  3 
months  of  incubation,  thus  the  supply  of  added  Fe(III)  could  not  have  been  depleted  during  this 
time.  This  implies  that  both  sulfate  reduction  and  Fe(III)  reduction  occurred  simultaneously  in 
these  microcosms. 

In  their  studies  of  the  release  of  ^^^Ra^^  from  (Ba,Ra)S04  sediments  in  a  disposal  pond  at  a 
Canadian  uranium  mine,  Martin  et  al.  (2003)  observed  elevated  concentrations  of  dissolved  iron 
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Fig.  4.1 1 .  Release  of  soluble  Ba"^  in  the  Fe(III)-reducing  microcosms.  Error  bars  show  one 
standard  deviation. 

at  depths  where  there  were  increased  concentrations  of  dissolved  ^^^Ra"^  and  Ba"^.  Similarly, 
Ulrich  et  al.  (2003)  reported  an  increased  soluble  Fe(II)  and  Ba"*"^  concentrations  downgradient 
from  the  Norman  Landfill  in  Oklahoma.  These  field  results  suggest  that  Fe(ni)  reduction  and 
sulfate  reduction  can  occur  in  the  same  vicinities.  Our  microcosm  studies  show  that  they  can 
occur  in  the  same  soil  sample  if  it  contains  Fe(III)  and  sulfate  to  serve  as  terminal  electron 
acceptors.  We  speculate  that  in  the  microcosms,  Fe(III)  reduction  and  sulfate  reduction  may  be 
the  result  of  different  microbial  populations  co-existing  in  the  soil.  However,  Coleman  et  al. 
(1993)  demonstrated  that  under  conditions  in  which  the  electron  donor  H2  was  abundant,  the 
sulfate-reducing  bacterium,  Desulfovibrio  desulfuricans,  simultaneously  reduced  Fe(III)  and 
sulfate. 

4.2.5  Sulfate-reducing  microcosms 

Several  reports  in  the  literature  have  demonstrated  that  soluble  Ba"^  is  released  from  barite 
under  sulfate-reducing  conditions  (McCready  et  al.  1980;  Fedorak  et  al.  1984;  Phillips  et  al. 
2001;  Ulrich  et  al.  2003).  Thus,  a  variety  of  microcosms  were  established  under  sulfate-reducing 
conditions  to  serve  as  positive  controls.  That  is,  to  ensure  that  soluble  Ba^  release  could  be 
detected  using  our  experimental  protocols.  Although  the  results  in  some  of  the  previous  sections 
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have  demonstrated  that  barite  dissolution  occurs  under  sulfate-reducing  conditions,  the  results 
from  the  sulfate-reducing  microcosms  are  presented  below  for  completeness. 

Preliminary  work  with  the  two  soil  samples  showed  that  the  number  of  sulfate-reducing 
bacteria  in  the  background  soil  was  very  low  (9/g  wet  weight).  Thus,  sulfate-reducing  bacteria 
were  enriched  from  the  contaminated  soil,  and  these  were  added  to  24  microcosms  that  contained 
background  soil.  In  addition,  microcosms  that  were  not  amended  with  the  enrichment  culture  of 
sulfate-reducing  bacteria  were  also  estabhshed.  These  contained  either  background  soil  or 
contaminated  soil.  The  results  from  the  two  sets  of  microcosms  (with  or  without  added  sulfate- 
reducing  bacteria)  are  presented  separately  in  the  following  two  sub-sections. 

4.2.5. 1  Microcosms  containing  native  sulfate-reducing  bacteria 

Sulfide  production  was  observed  in  microcosms  that  contained  background  soil  (Fig.  4.12) 
or  contaminated  soil  (Fig.  4.13).  Over  the  4-month  incubation,  there  was  little  change  in  the 
sulfide  found  in  the  sterile  controls,  and  the  addition  of  glucose  stimulated  sulfide  production  in 
both  soils.  The  microbial  community  in  the  contaminated  soil  released  much  more  sulfide  than 
did  the  community  in  the  uncontaminated  soil.  The  concentration  of  sulfide  in  the  contaminated 
soil  slurry  increased  from  19  to  71  \ig/g  in  the  glucose  supplemented  microcosms  (Fig.  4.13).  In 
contrast,  the  concentration  of  sulfide  in  the  background  soil  slurry  increased  from  2  to  9.6  |ig/g 
in  the  glucose  supplemented  microcosms  (Fig.  4.12).  These  results  demonstrated  that  both  soils 
had  active,  native  sulfate-reducing  bacteria. 

Glucose  was  consumed  quickly  in  the  microcosms  that  contained  either  background  soil 
(Fig.  4.14)  or  contaminated  soil  (Fig.  4.15).  From  initial  concentrations  of  near  1  g/L,  no  glucose 
was  detected  after  2  weeks  of  incubation.  All  of  these  microcosms  were  re-supplemented  with 
glucose  after  25,  35,  and  77  days  (0.7,  1.2,  and  2.6  months,  respectively)  of  incubation. 

Some  of  these  microcosms  were  supplemented  with  lactate,  rather  than  glucose.  However, 
lactate  analyses  were  not  done  on  the  supematants  from  the  microcosms.  Nonetheless,  these 
microcosms  were  re-supplemented  with  lactate  after  35  and  77  days  of  incubation. 

The  microcosms  with  the  viable  native  sulfate-reducing  bacteria  released  soluble  Ba^  from 
barite.  The  amount  of  Ba"^"^  released  from  the  glucose-  and  barite-supplemented  microcosms 
containing  uncontaminated  soil  peaked  at  13  mg/kg  soil  (wet  weight)  after  2  months  (Fig.  4.16) 
this  decreased  to  7.8  mg/kg  soil  at  the  end  of  the  4-month  incubation  period.  Based  on  t-tests. 
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both  of  these  values  were  greater  than  those  found  in  the  controls  incubated  for  the  same  time 
(P<0.01). 
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Fig.  4.12.  Sulfide  production  in  sulfate-reducing  microcosms  containing  background  soil  and 
native  sulfate-reducing  bacteria.  Error  bars  are  one  standard  deviation. 
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Fig.  4.13.  Sulfide  production  in  sulfate-reducing  microcosms  containing  contaminated  soil  and 
native  sulfate-reducing  bacteria.  Error  bars  are  one  standard  deviation. 
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Fig.  4.14.  Glucose  concentrations  in  the  sulfate-reducing  microcosms  containing  background  soil 
and  native  sulfate-reducing  bacteria.  Glucose  concentrations  immediately  after  re-supplementing 
with  glucose  at  0.7,  1.2,  and  2.6  months  were  estimated  based  on  the  amount  of  glucose  solution 
added.  Error  bars  show  one  standard  deviation. 
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Fig.  4.15.  Glucose  concentrations  in  the  sulfate-reducing  microcosms  containing  contaminated 
soil  and  native  sulfate-reducing  bacteria.  Glucose  concentrations  immediately  after  re- 
supplementing  with  glucose  at  0.7,  1 .2,  and  2.6  months  were  estimated  based  on  the  amount  of 
glucose  solution  added.  Error  bars  show  one  standard  deviation. 
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Lactate  is  commonly  used  by  many  sulfate-reducing  bacteria.  Surprisingly,  the  addition  of 
lactate  to  the  background  soil  did  not  stimulate  Ba"^  release  as  quickly  as  did  the  addition  of 
glucose  (Fig.  4.16).  However,  the  production  of  sulfide  was  observed  in  these  microcosms  (Fig. 
4.12). 

When  supplemented  with  glucose,  the  microbial  community  in  the  contaminated  soil 
released  soluble  Ba"^^  from  barite  (Fig.  4.17).  The  contaminated  soil  contained  barite  from 
drilling  mud,  and  by  the  end  of  the  4-month  incubation,  the  amount  of  soluble  Ba^  released  in 
viable  microcosms  with  or  without  added  barite  were  essentially  the  same  (13  mg/kg  soil).  This 
value  was  significantly  (P<0.05)  higher  than  those  in  the  viable  microcosms  without  glucose  (3.7 
mg/kg  soil)  and  in  the  sterile  controls  (0.7  mg/kg  soil). 

The  barite-contaminated  soil  also  had  a  much  higher  count  of  sulfate-reducing  bacteria 
(9.3x1  oVg  wet  weight)  than  the  background  soil  (9/g  wet  weight).  The  initial  sulfide  content  was 
also  higher  in  the  contaminated  soil-containing  microcosms  than  in  the  background  soil- 
containing  microcosms.  These  concentrations  were  19  |xg/g  (Fig.  4.13)  and  3  jug/g  (Fig.  4.12), 
respectively.  The  higher  number  of  sulfate-reducing  bacteria  and  the  higher  initial  sulfide 
concentrations  are  consistent  with  active  sulfate  reduction  occurring  in  situ  in  the  contaminated 
soil.  However,  the  initial  soluble  Ba"^  concentrations  in  the  time  zero  samples  from  the 
microcosms  that  contained  contaminated  soil  were  essentially  the  same  as  those  from  the 
microcosms  that  contained  background  soil.  These  concentrations  were  near  3  mg/kg  soil  (Figs. 
4.16  and  4.17). 

4.2.5.2  Microcosms  supplemented  with  an  enrichment  culture  of  sulfate-reducing  bacteria 

Because  of  the  low  numbers  of  sulfate  reducers  in  the  background  soil,  24  microcosms 
were  supplemented  with  9  mL  of  a  cell  suspension  that  contained  2.3x10^  sulfate-reducing 
bacteria/mL.  After  supplementation,  the  number  sulfate  reducers  was  equivalent  to  4.1xl0Vg 
(wet  weight)  of  soil.  The  enrichment  culture  was  grown  with  lactate  as  the  major  carbon  and 
energy  source,  so  lactate,  rather  than  glucose,  was  added  to  the  microcosms  as  the  electron 
donor.  These  microcosms  were  re-supplemented  with  lactate  after  28  and  70  days  of  incubation. 

Two  sets  of  microcosms  were  established  to  determine  if  the  concentration  of  barite 
influenced  the  microbial  activities.  One  set  of  microcosms  was  supplemented  with  2000  ppm 
barite  (the  amount  used  in  all  of  the  previously  discussed  microcosms),  and  the  second  set  was 
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Fig.  4.16.  Release  of  soluble  Ba^  in  the  sulfate-reducing  microcosms  containing  background  soil 
and  native  sulfate-reducing  bacteria.  Error  bars  show  one  standard  deviation. 
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Fig.  4.17.  Release  of  soluble  Ba^  in  the  sulfate-reducing  microcosms  containing  contaminated 
soil  and  native  sulfate-reducing  bacteria.  Error  bars  show  one  standard  deviation. 

supplemented  with  10,000  ppm  barite.  Sulfide  production  and  release  of  soluble  Ba"^"^  were 
observed  in  both  sets  of  microcosms.  Figs.  4.18  and  4.19  summarizes  the  sulfide  production  in 
these  microcosms. 
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Fig.  4.18.  Sulfide  production  in  sulfate-reducing  microcosms  containing  background  soil 
supplemented  with  sulfate-reducing  bacteria  and  2000  ppm  barite.  Error  bars  are  one  standard 
deviation. 
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Fig.  4.19.  Sulfide  production  in  sulfate-reducing  microcosms  containing  background  soil 
supplemented  with  sulfate-reducing  bacteria  and  10,000  ppm  barite.  Error  bars  are  one  standard 
deviation. 


39 


Considering  the  data  after  4  months  incubation,  the  sulfide  concentration  in  the  viable 
culture  supplemented  with  lactate  and  2000  ppm  barite  was  significantly  greater  than  that  in  the 
sterile  control  (P<0.01).  Fig.  4.18  shows  these  concentrations  to  be  1 1±0.7  and  5.2±0.1  fig/g  soil, 
respectively.  Similarly  after  4  months  incubation,  the  sulfide  concentration  in  the  viable  culture 
supplemented  with  lactate  and  10,000  ppm  barite  was  significantly  greater  than  that  in  the  sterile 
control  (P<0.01).  Figure  4.19  shows  these  concentrations  were  1 1±1.5  and  3.2±0.01  \ig/g  soil, 
respectively.  The  different  amounts  of  barite  added  to  the  microcosms  did  not  affect  the  final 
sulfide  concentrations  in  these  microcosms.  After  4  months  incubation,  those  that  contained  2000 
ppm  barite  had  1 1±0.7  \ig  sulfide/g  soil  while  those  that  contained  10,000  ppm  had  1 1±1 .5  jig 
sulfide/g  soil.  The  microbial  activity  was  likely  limited  by  the  amount  of  electron  donor  (lactate) 
rather  than  the  amount  of  electron  acceptor  (sulfate  from  barite). 

Considering  the  soluble  Ba^  release  data  obtained  after  4  months  incubation,  the  release  in 
the  viable  culture  supplemented  with  lactate  and  2000  ppm  barite  was  significantly  greater  than 
that  in  the  sterile  control  (P<0.05)  (Fig.  4.20).  These  values  were  6.0±0.8  and  3.4±0.3  mg/kg 
soil,  respectively.  Similarly  after  4  months  incubation,  the  soluble  Ba^^  release  in  the  viable 
culture  supplemented  with  lactate  and  10,000  ppm  barite  was  significantly  greater  than  that  in 
the  sterile  control  (P<0.01)  (Fig.  4.21).  These  concentrations  were  6.9±0.6  and  2.4±0.3  mg/kg 
soil,  respectively  (Fig.  4.21).  Thus,  the  different  amounts  of  barite  added  to  the  microcosms  did 
not  affect  the  final  soluble  Ba"^"^  release  in  these  microcosms.  After  4  months  incubation,  those 
that  contained  2000  ppm  barite  released  6.0±0.8  mg  Ba"^^/g  soil  while  those  that  contained 
10,000  ppm  released  6.9±0.6  mg  Ba^Vg  soil.  As  was  noted  with  the  discussion  of  sulfide 
production,  the  microbial  activity  in  these  microcosms  was  likely  limited  by  the  amount  of 
electron  donor  (lactate)  rather  than  the  amount  of  electron  acceptor  (sulfate  from  barite). 

4.2.6  Methanogenic  microcosms 

At  the  time  this  study  was  being  planned,  it  was  speculated  that  the  background  soil  would 
contain  few,  if  any,  methanogens.  Thus,  two  sets  of  methanogenic  microcosms  were  established. 
One  set  with  background  soil  that  was  supplemented  with  10  mL  of  domestic  anaerobic  sewage 
sludge,  and  one  set  with  only  the  background  soil.  Both  sets  were  supplemented  with  2000  ppm 
barite. 


40 


2  3 
Time  (Months) 


-Viable  with  Barite  and  Lactate 

■  Viable  w  itiiout  Barite,  w  ith  Lactate 

■  Sterile  w  ith  Barite 


■  Viable  with  Barite  and  no  electron  donor 
Viable  w  Ithout  Barite,  w  ith  no  electron  donor 


Fig.  4.20.  Release  of  soluble  Ba    in  the  sulfate-reducing  microcosms  containing  background  soil 
supplemented  with  sulfate-reducing  bacteria  and  2000  ppm  barite.  Error  bars  show  one  standard 
deviation. 
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Fig,  4.21 .  Release  of  soluble  Ba^"^  in  the  sulfate-reducing  microcosms  containing  background  soil 
supplemented  with  sulfate-reducing  bacteria  and  10,000  ppm  barite.  Error  bars  show  one 
standard  deviation. 
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4.2.6.1  Microcosms  supplemented  with  anaerobic  sewage  sludge 

As  was  observed  with  the  other  microcosms,  glucose  was  consumed  quickly  in  the 
methanogenic  microcosms  (Fig.  4.22).  No  glucose  was  detected  in  sewage  sludge-supplemented 
methanogenic  microcosms  after  14  days  of  incubation.  The  viable  microcosms  were  re- 
supplemented  with  glucose  after  55,  65,  and  107  days  (1.8,  2.2,  and  3.6  months,  respectively)  of 
incubation. 


Fig.  4.22.  Glucose  concentrations  in  sewage  sludge-supplemented  microcosms.  Glucose 
concentrations  immediately  after  re-supplementing  with  glucose  at  1.8,  2.2,  and  3.6  months  were 
estimated  based  on  the  amount  of  glucose  solution  added.  Error  bars  show  one  standard 
deviation. 

Methane  production  was  measured  to  follow  the  activity  of  the  methanogens.  The  results 
are  shown  in  Fig.  4.23  in  which  the  amount  of  methane  is  given  as  its  volume  percent  in  the 
headspace  gas.  Methane  was  detected  on  day  1  in  the  microcosms  that  were  supplemented  with 
sewage  sludge.  The  results  in  Fig.  4.23  clearly  show  that  methane  production  was  reduced  in  the 
microcosms  that  contained  barite.  It  is  well  documented  that  sulfate-reducing  bacteria  out- 
compete  methanogens  for  substrates  (Banat  et  al.  1983;  Winfi-ey  and  Ward  1983).  Sulfate 
reduction  is  thermodynamically  (Karhadkar  et  al.  1987)  and  kinetically  (Kristjansson  et  al.  1982; 
Schonheit  et  al.  1982)  more  favorable  than  methanogenesis.  The  addition  of  the  barite  to  the 
control  soil  provided  an  electron  acceptor  for  the  sulfate-reducing  bacteria,  and  they  have 
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diverted  the  flow  of  electrons  away  from  methane  production.  Thus,  the  methanogenic 
microcosms  that  were  supplemented  with  barite  were  likely  behaving  as  sulfate-reducing 
microcosms. 
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Fig.  4.23.  Methane  concentrations  in  sewage  sludge-supplemented  microcosms  containing 
background  soil.  Error  bars  show  one  standard  deviation. 

The  original  plans  for  monitoring  the  methanogenic  microcosms  did  not  include  measuring 
sulfide  production.  However,  because  of  the  observed  inhibition  of  methane  production  caused 
by  the  addition  of  barite  (Fig.  4.23),  samples  collected  after  3  and  4  months  of  incubation  were 
analyzed  for  sulfide.  After  3  months  of  incubation,  the  average  sulfide  concentrations  in  the 
sterile,  sewage  sludge-supplemented  methanogenic  microcosms  was  2.6±0.05  jj.g/g  (wet  weight), 
and  in  the  viable  sewage  sludge-supplemented  methanogenic  microcosms,  containing  barite,  was 
6.0±0.7  ng/g  (wet  weight).  There  was  a  significant  difference  (P<0.01)  between  these  means 
based  on  the  t-test.  The  sulfide  analyses  clearly  indicate  that  sulfate  reduction  occurred  in  the 
"methanogenic  microcosms",  and  supports  the  notion  that  the  sulfate-reducing  bacteria  were  out- 
competing  the  methanogens  for  electron  donors.  However,  after  4  months  of  incubation,  the 
average  sulfide  concentrations  in  the  sterile  methanogenic  microcosms  was  3.8±0.06  \ig/g  (wet 
weight),  and  in  the  viable  sewage  sludge-supplemented  methanogenic  microcosms,  containing 
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barite,  was  5.9±1.5  \ig/g  (wet  weight).  Because  of  the  high  variability  in  the  results  from  the 
viable  microcosms,  the  t-test  indicated  that  the  means  were  not  significantly  different. 

Consistent  with  the  reduction  of  sulfate  in  these  microcosms,  soluble  Ba^  was  released  in 
the  sewage  sludge-supplemented  microcosms  that  contained  barite  (Fig.  4.24).  This  was  most 
obvious  after  4  months  of  incubation  when  the  average  release  was  5.4±0.3  mg/kg  soil  (wet 
weight)  in  the  viable  microcosms,  and  only  2.4±0  mg/kg  soil  (wet  weight)  in  the  sterile  controls. 
Based  on  the  t-test,  there  was  a  highly  significant  difference  between  these  means  (P<0.001). 
Thus,  the  results  from  the  microcosms  that  were  supplemented  with  anaerobic  sewage  sludge 
indicate  that  soluble  Ba^  can  be  released  from  barite. 
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Fig.  4.24.  Release  of  soluble  Ba"^^  in  the  sewage  sludge-supplemented  microcosms  containing 
background  soil.  Error  bars  show  one  standard  deviation. 

4.2.6.2  Microcosms  with  native  methanogens  only 

Glucose  was  rapidly  consumed  in  these  methanogenic  microcosms  (Fig.  4.25)  and  by  day 
14,  none  was  detected  in  the  supernatant.  The  viable  microcosms  were  re-supplemented  with 
glucose  after  55,  65,  and  107  days  (1.8,  2.2,  and  3.6  months)  of  incubation. 

The  data  in  Fig.  4.26  showed  that  the  background  soil  did  contain  methanogens,  because 
methane  production  was  evident  after  40  days  of  incubation.  The  number  of  methanogens  was 
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likely  quite  low  in  this  soil  because  of  the  long  lag  time  before  methane  was  observed  compared 
to  the  microcosms  that  were  supplemented  with  anaerobic  sewage  sludge  in  which  methanogens 
were  abundant.  The  lag  period  before  methane  was  observed  in  the  sewage  sludge-supplemented 
microcosms  was  less  than  1  day. 


Fig.  4.25.  Glucose  concentrations  in  sewage  sludge-supplemented  microcosms.  Glucose 
concentrations  immediately  after  re-supplementing  with  glucose  at  1.8,  2.2  and  3.6  months  were 
estimated  based  on  the  amount  of  glucose  solution  added.  Error  bars  show  one  standard 
deviation. 

There  was  a  considerable  amount  of  variability  in  the  methane  production  summarized  in 
Fig.  4.26.  For  example,  on  day  61,  the  methane  measured  in  the  duplicate  microcosms  without 
barite  were  14%  and  6%  (by  volume).  This  variability  would  be  expected  because  it  is  difficult 
to  obtain  reproducible  sub-samples  from  a  soil  with  a  low  number  of  methanogens.  However,  by 
day  124  (the  last  sampling  time  in  Fig.  4.26)  there  was  virtually  no  difference  in  the  methane 
concentrations  in  the  duplicate  microcosms  without  barite.  After  a  long  incubation  period,  the 
maximum  methane  yield  is  dependent  on  the  amount  of  electron  donor  (glucose)  that  was 
supplied,  rather  than  the  initial  numbers  of  methanogens  in  a  sub-sample. 

Very  large  error  bars  were  observed  with  the  average  methane  concentrations  obtained 
from  the  viable  microcosms  supplemented  with  barite  (Fig.  4.26).  This  is  because  methane 
production  was  completely  inhibited  in  two  of  the  triplicate  microcosms.  As  was  observed  in  Fig. 
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4.23,  the  addition  of  barite,  a  source  of  sulfate,  severely  inhibited  methanogenesis.  This  is 
consistent  with  the  sulfate-reducing  bacteria  out-competing  the  methanogens  for  electron  donors. 
Because  of  the  high  rate  of  methane  production  in  the  third  microcosm  of  the  triplet  set,  it  is 
possible  that  the  barite  was  inadvertently  omitted  from  this  microcosm  during  the  preparation 
and  inoculation  of  the  microcosm.  However,  this  was  not  verified. 
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Fig.  4.26  Methane  production  in  the  microcosms  containing  background  soil.  Error  bars  are  one 
standard  deviation. 

Because  of  the  apparent  activities  of  sulfate-reducing  bacteria  in  the  barite-supplemented 
microcosms,  slurry  samples  collected  at  3  and  4  months  were  analyzed  for  sulfide.  After  3 
months  of  incubation  the  average  sulfide  concentrations  in  the  sterile,  unsupplemented 
methanogenic  microcosms  was  2.5±0  |ig/g  (wet  weight)  and  in  the  barite-containing  viable 
microcosms  was  4.2±0.7  ng/g  (wet  weight).  Based  on  a  t-test,  there  was  no  significant  difference 
between  these  means  (p<0.01).  Similarly,  there  was  no  significant  difference  between  the  sulfide 
concentrations  measured  at  4  months.  Thus,  despite  the  strong  inhibition  of  methanogenesis  in 
two  of  the  three  microcosms  supplemented  with  barite  (Fig.  4.26),  the  enhanced  activity  of 
sulfate-reducing  bacteria  could  not  be  demonstrated  by  measuring  sulfide  production,  which  was 
evident  in  the  sulfate-reducing  microcosms  (Fig.  4.12). 
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The  soluble  Ba^  detected  in  the  methanogenic  microcosms  that  contained  background  soil 
is  summarized  in  Fig.  4.27.  Over  the  4-month  incubation  period,  there  was  a  general  increase  in 
the  amounts  of  soluble  Ba"*^  in  all  of  the  microcosms.  However,  there  was  no  statistical 
difference  between  the  released  Ba"*^  in  the  viable  microcosms  that  received  barite  and  the 
released  Ba^  in  the  sterile  controls  after  4  months  incubation.  This  is  consistent  with  the  resuhs 
of  the  sulfide  analyses.  There  was  no  increase  in  sulfide  concentration  in  the  barite-supplemented 
viable  microcosms,  so  there  should  be  no  increase  in  released  Ba"^"*".  Thus,  there  was  no  evidence 
of  Ba^  release  in  these  methanogenic  microcosms. 
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Fig.  4.27.  Release  of  soluble  Ba^^  in  the  methanogenic  microcosms  containing  background  soil. 
Error  bars  show  one  standard  deviation. 


The  results  from  these  microcosms  incubated  under  "methanogenic"  suggest  that  soils 
which  become  heavily  contaminated  with  barite  may  not  become  methanogenic  because  of  the 
large  supply  of  sulfate  from  the  barite.  This  will  stimulate  the  activities  of  sulfate-reducing 
bacteria  that  out-compete  methanogens  for  electron  donors. 
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5  SUMMARY  AND  CONCLUSIONS 

The  release  of  soluble  Ba"^  from  barite  was  expected  to  be  observed  in  the  microcosms 
incubated  under  sulfate-reducing  conditions.  This  was  observed,  indicating  that  the  method  used 
to  establish  the  microcosms  and  method  used  for  soluble  Ba"^  analysis  were  reliable.  Table  5.1  is 
an  abbreviated  overview  of  the  findings  of  this  study.  It  includes  only  the  results  from  those 
microcosms  that  were  supplemented  with  glucose  and  100  mg  barite,  and  did  not  contain  added 
microorganisms  (such  as  the  enrichment  of  sulfate-reducing  bacteria  or  anaerobic  sewage 
sludge). 

Table  5.1  highlights  that  the  release  of  soluble  Ba^  Irom  barite  was  observed  in 
microcosms  incubated  under  aerobic,  Mn(IV)-reducing,  Fe(III)-reducing  and  sulfate-reducing 
conditions.  As  discussed  above,  when  barite  was  added  to  methanogenic  microcosms, 
methanogenesis  was  inhibited,  and  sulfate  reduction  became  the  predominant  microbial  process. 
This  would  lead  to  the  speculation  that  soluble  Ba^  release  from  barite  should  have  been 
observed  in  these  microcosms,  but  it  was  not  (Table  5.1).  However,  the  release  of  soluble  Ba^"^ 
from  barite  was  observed  in  the  methanogenic  microcosms  that  were  supplemented  with 
anaerobic  sewage  sludge,  and  the  addition  of  barite  stopped  methanogenesis  (section  4.2.6.1). 
The  reason  for  the  discrepancy  between  these  two  sets  of  methanogenic  microcosms  is  unclear. 

The  only  microcosms  in  which  there  was  a  clear  suppression  of  Ba"*^  dissolution  from 
barite  were  those  incubated  under  nitrate-reducing  conditions.  This  was  likely  due  to  the  well 
documented  competition  between  nitrate-reducing  bacteria  and  sulfate-reducing  bacteria. 

Table  5.1  also  summarizes  the  maximum  Ba"^  release  observed  in  the  various  microcosms, 
and  includes  ratios  that  express  the  extent  of  the  increase  in  soluble  Ba"*^.  Each  ratio  was 
calculated  by  dividing  the  maximum  amount  of  soluble  Ba^^  in  the  microcosms  by  the  initial 
amount  of  soluble  Ba^  in  the  same  microcosms.  The  greatest  releases  were  found  in  the  Fe(III)- 
reducing  and  sulfate-reducing  microcosms,  with  values  of  14  and  13  mg  soluble  Ba^/kg  soil 
(wet  weight).  The  highest  ratios  of  released  Ba"^^  were  in  the  Mn(IV)-reducing  and  Fe(III)- 
reducing  microcosms.  These  showed  36-fold  and  41 -fold  increases,  respectively,  in  the  amounts 
of  soluble  Ba"^  under  these  incubation  conditions.  Part  of  the  reason  for  these  high  ratios  is 
because  the  initial  soluble  Ba^^  concentrations  were  very  low  in  these  two  sets  of  microcosms. 
The  initial  soluble  Ba"^^  concentration  was  31  |ig/L  in  the  Mn(IV)-reducing  microcosms,  and  160 
^g/L  in  the  Fe(III)-reducing  microcosms.  For  comparison,  the  other  initial  soluble  Ba"^"*" 
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concentrations  ranged  from  230  }ig/L  in  the  methanogenic  microcosms  to  5,100  jug/L  in  the 
nitrate-reducing  microcosms. 


Table  5.1  Summary  of  the  selected  parameters  from  microcosms  that  contained  background  soil 
supplemented  with  glucose  and  100  mg  barite.  The  microbial  activities  were  due  to  the  native 
microorganisms  only  (resuhs  from  microcosms  with  added  microbes  are  not  included). 

Incubation 

Ba^  release 

Maximum  Ba"^ 

Ratio: 

condition 

greater  than  in 

release  (mg/kg  soil) 

(Max.  Ba'^/Time  zero  Ba"*"^ 

sterile  control 

Aerobic 

Yes" 

8.1 

1.7 

Nitrate-reducing 

N/A'^ 

N/A 

Mn(IV)-reducing 

Yqs' 

2.5 

36 

Fe(III)-reducing 

Yes" 

14 

41 

Sulfate-reducing 

Yes" 

13 

7.6 

Methanogenic 

No^ 

N/A 

N/A 

"P<0.01 

^No  statistical  difference  between  soluble  Ba"^  in  the  viable  cultures  and  the  sterile  controls. 
V<0.05 


'^Not  applicable  because  the  amount  of  soluble  Ba^"*"  in  the  viable  cultures  was  not  statistically 
greater  than  the  amount  of  soluble  Ba"*^  in  the  sterile  controls. 

The  findings  of  this  short-term  investigation,  using  microcosms  with  ample  supplies  of 
glucose  as  an  electron  donor  suggest  that  there  is  a  potential  for  barite  dissolution  releasing 
soluble  Ba"^  in  soil  environments  that  are  dominated  by  aerobic,  Mn(IV)-reducing,  Fe(III)- 
reducing  or  sulfate-reducing  conditions.  The  rates  of  microbial  release  of  soluble  Ba^  in  these 
types  of  environments  would  likely  be  much  slower  than  observed  in  this  study,  because  the 
supply  of  electron  donor  would  be  rate  limiting  in  the  environment. 
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8  APPENDIX 


A.l  Aerobic  medium  (Sulfate-free  -  to  prevent  re-precipitation  of  BaS04)  Fedorak  and  Coy 


(1996) 

K2HPO4 

0.5  g 

NaCl 

2.0  g 

MgCl2 

0.2  g 

KNO3 

2.0  g 

NH4CI 

1.0  g 

FeCl2H20 

trace 

H2O 

1.0  L 

Trace  metals 

1.0  mL 

Trace  metals  (Fedorak  and  Grbic'-Galic',  1991) 


CaCl2-2H20  3.7  g 

ZnCl2  0.44  g 

H3BO3  2.5  g 

MnCl2  0.87  g 

FeCl3  0.65  g 
Na2Mo02-2H20       0.29  g 

C0CI2  0.01  g 

CuCl2  0.0001  g 

H2O  1.0  L 


A.2  General  procedure  for  preparing  anaerobic  media 

All  media  for  anaerobic  incubations  were  prepared  using  a  30%  CO2,  70%  N2  gas  mixture.  The 
media  can  be  prepared  in  two  ways: 

1 .  Combine  all  of  the  ingredients  except  NaHCOs  and  vitamin  solution  and  boil.  Cool  under 
gas  mixture.  When  medium  is  cool,  add  NaHCOa  and  vitamin  solution.  Ensure  that  the  pH 
is  near  neutral  before  dispensing  into  bottles. 

2.  Combine  all  of  the  ingredients.  Bubble  with  gas  mixture  for  at  least  30  min  before 
dispensing  into  bottles.  Ensure  that  the  pH  is  near  neutral. 
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A.3  Preparation  of  sulfate-free,  nitrate-reducing  medium 


K2HPO4 

NaCl 

NH4CI 

Trace  Metals  (solution  2,  section  A.  5) 
Wolfe's  Vitamin  Solution  (section  A.4) 
NaHC03 
H2O 


0.636  g 
2.0  g 
0.06  g 
l.OmL 
l.OmL 


2.5  g 
1.0  L 


The  water  was  added  immediately  after  it  boiled.  As  the  solution  cooled,  it  was  sparged  with  O2- 
free  gas.  Then  100-mL  portions  were  dispensed  into  ten  158-mL  serum  bottles  that  were  flushed 
with  02-free  gas.  These  were  sealed  with  rubber  stoppers  and  autoclaved. 

A  solution  of  20  mg/mL  CaCl2  and  20  mg/mL  MgCh  was  prepared  by  mixing  the  following  in  a 
serum  bottle: 


This  bottle  was  sealed  with  a  rubber  stopper  and  autoclaved. 

After  autoclaving,  a  1-mL  portion  of  the  MgCl2  and  CaCh  solution  was  dispensed  (using  a 
syringe)  into  each  bottle  of  nitrate-reducing  medium. 


CaCl2  2H20 

MgCl2  6H20 

H2O  (Freshly  boiled) 


2.7  g 
4.3  g 
100  mL 
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A.4  Mn(IV)  and  Fe(III)  reduction:  (Lovley  and  Phillips,  1986,  1988) 


NaHCOs 

2.5  g 

CaC]2H20 

0.1  g 

KCl 

0.1  g 

NH4CI 

0.06  g 

NaH2P04H20 

0.6  g 

Wolfe's  Vitamin  Solution 

l.OmL 

Wolfe's  Mineral  Solution 

1.0  mL 

H2O 

1.0  L 

Slurry  of  Mn02  or  Fe(OH)3* 


*For  Fe(III)-reducing  medium,  the  Fe(0H)3  slurry  was  prepared  as  outlined  by  Lovley  and 
Phillips  (1986).  For  the  Mn(IV)-reducing  medium,  the  Mn02  slurry  was  prepared  as  outlined  by 
Lovley  and  Phillips  (1988).  Fifteen  millilitres  of  the  appropriate  slurry  was  added  to  85  mL  of 
medium. 


Wolfe^s  Vitamin  Solution 

Wolfe's  Mineral  Solution 

(ATCC,  1992) 

(ATCC,  1992) 

Biotin 

2.0  mg 

Nitrilotriacetic  acid 

1.5  g 

FoHc  acid 

2.0  mg 

MgS04-7H20 

3.0  g 

Pyroxidine-HCl 

10.0  mg 

MnS04H20 

0.5  g 

Thiamine-HCl 

5.0  mg 

NaCl 

1.0  g 

Riboflavin 

5.0  mg 

FeS04-7H20 

0.1  g 

Nicotinic  acid 

5.0  mg 

CoCl2-6H20 

0.1  g 

Na  Pantothenate 

5.0  mg 

CaCl2 

0.1  g 

Cyanocobalamine 

trace 

ZnS04-7H20 

0.1  g 

/?-Aminobenzoate 

5.0  mg 

CuS04-5H20 

0.01  g 

Thioctic  acid 

5.0  mg 

A1K(S04)2-12H20 

0.01  g 

H2O 

100  mL 

H3BO3 

0.01  g 

Na2Mo04-2H20 

0.01  g 

NiCl2-6H20  0.025  g 

H2O  100  mL 
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A.5  Sulfate  reduction:  -  Sulfate-free,  BaS04  is  the  source  of  sulfate. 

(Widdel-Pfennig  medium  -  freshwater  composition,  Collins  and  Widdel,  1 986) 


Solution  1  (modified)  960  mL 

Sohition  2  1  mL 

Solution  3  1  mL 

Solution  4  30  mL 

Solution  5  1  mL 

Solution  6  1  mL 


Solution  1  (Modified  to  be  sulfate-free) 

Solution  2 

NaCl 

1.0  g 

HCl 

4.5  mL 

MgCl2-6H20 

0.4  g 

FeCl2-4H20 

l-5g 

NH4CI 

0.1  g 

H3BO3 

60  mg 

KH2PO4 

0.2  g 

MnCl2-4H20 

100  mg 

KCl 

0.3  g 

CoCl2-6H20 

120  mg 

CaCl2-2H20 

0.15  g 

ZnCl2 

70  mg 

Resazurin  (0.01  g/100  mL  H2O) 

lOmL 

NiCl2-6H20 

25  mg 

H2O 

960  mL 

CuCl2-2H20 

15  mg 

Autoclave 

Na2Mo04-2H20 

25  mg 

H2O 

995  mL 

Autoclave 

Solution  3 


Solution  4 


Na2Se03-5H20 

NaOH 

H2O 

Autoclave 


3  mg 
0.5  g 
1.0  L 


NaHCOs 
H2O 


8.4  g 
100  mL 


Saturate  with  CO2,  then  filter  sterilize 


Solution  5 

Na2S-9H20  1.2  g 

H2O  10  mL 
Boil  H2O 


Solution  6 

Biotin  1 0  mg 
4-Aminobenzoic  acid  40  mg 

Thiamine-HCl  100  mg 

B12  50  mg 

Nicotinic  acid  1 00  mg 

H2O  1.0  L 
Filter  sterilize 
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A.6  Methanogenic  Medium  (Fedorak  and  Hrudey,  1984) 


Mineral  Solution  I  1 .0  mL 

Mineral  Solution  II  0.1  mL 

Resazurin  Solution  1 .0  mL 

Phosphate  Solution  1 .0  mL 

NaHC03  0.57  g 

H2O  100  mL 


Mineral  Solution  I 


NaCl 

CaCl2H20 
NH4CI 
MgCl2-6H20 
0.01  MHCl 


5.0  g 
1.0  g 
1.0  g 
1.0  g 
100  mL 


Phosphate  Solution 

5.0  g  KH2PO4  per  100  mL  H2O 


Mineral  Solution  II 

(NH4)6M07024-2H20  1.0  g 

ZnS04-7H20  0.01  g 

H3BO3  0.03  g 

FeCl2-4H20  0.15  g 

CoCl2-6H20  1.0  g 

MnCl2-4H20  0.003  g 

NiCl2'6H20  0.003  g 

AlK(S04)2l2H20  0.01  g 

H2O  100  mL 

Resazurin  Solution 

0.01  gper  100mLH2O 
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APPENDIX  II 
BARIUM  MOBILIZATION  BY  SALT 
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1.  INTRODUCTION 

As  part  of  the  project  to  develop  soil  quality  guidelines  for  barite,  consideration  was  given  to 
various  conditions  that  could  result  in  the  mobilization  of  barium  from  barite.  One  of  the 
conditions  considered  was  the  presence  of  high  concentrations  of  salts,  since  releases  of  oilfield 
brine  may  have  occurred  in  areas  where  oilfield  barite  is  present.  Typical  oilfield  brines  are 
predominantly  sodium  chloride. 
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Barium  Mobilization  by  Salt 


2.  STUDY  OBJECTIVE 

The  objective  of  this  study  was  to  determine  whether  the  addition  of  sodium  chloride  to  soil 
could  release  barium  either  from  the  soil  or  from  barite  added  to  the  soil.  It  was  intended  that  the 
range  of  salt  concentrations  used  should  be  consistent  with  the  range  of  electrical  conductivities 
(ECs)  typically  found  in  soil  at  former  oilfield  facilities  where  brine  releases  have  occurred  {i.e., 
up  to  20  dS/m). 

3.  MATERIALS  AND  METHODS 

3.1  Range  Finding  Experiment 

Sixteen  microcosms  were  set  up  as  a  range  finding  experiment  to  determine  the  relation  between 
the  amount  of  NaCl  added  and  the  EC  of  the  supernatant.  These  sixteen  microcosms  contained 
approximately  50  g  of  soil  (eight  with  contaminated  soil  and  eight  with  background  soil)  and  100 
mL  of  double  distilled  H2O.  0  mg,  200  mg,  400  mg,  600  mg,  800  mg,  1,000  mg,  1,200  mg,  and 
1 ,400  mg  NaCl  were  added  to  the  eight  flasks  of  background  soil  and  this  process  was  repeated 
for  the  contaminated  soil.  The  flasks  were  covered  in  parafihn  (to  avoid  evaporation)  and  placed 
on  a  shaker  to  shake  for  approximately  24  hours.  After  24  hours,  a  small  sample  of  each 
microcosm  was  placed  in  an  Eppendorf  Centrifuge  tube  and  the  sixteen  tubes  were  centrifiiged. 
Then  the  EC  of  the  supernatant  fi-om  these  samples  was  measured.  These  resuhs  were  used  to 
generate  standard  curves  (Figure  II- 1)  for  contaminated  soil  and  for  background  soil  to  determine 
the  mass  of  NaCl  necessary  to  produce  electrical  conductivities  of  0  dS/m,  2  dS/m,  4  dS/m,  8 
dS/m  and  20  dS/m. 

3.2  Quantitative  Experiment 

Once  the  necessary  amount  of  salt  was  determined  to  achieve  the  above-noted  EC  values,  20 
microcosms  were  prepared:  five  microcosms  contained  approximately  50  g  of  background  soil, 
100  mL  of  double  distilled  H2O  and  the  respective  amount  of  NaCl  to  produce  the  above-noted 
ECs;  five  microcosms  were  identical  to  the  previous  five,  but  each  also  contained  approximately 
100  mg  of  barite;  five  microcosms  were  identical  to  the  first  five,  but  each  also  contained  500  mg 
of  barite;  and  five  microcosms  contained  approximately  50  g  contaminated  soil,  100  mL  of 
double  distilled  H2O  and  the  respective  amounts  of  NaCl  needed  to  generate  the  desired  ECs. 

These  twenty  microcosms  were  sealed  with  parafilm  and  placed  on  a  shaker  to  shake  for 
approximately  24  hours.  After  twenty-four  hours  13  mL  was  removed  from  each  sample  and 
placed  in  large  centrifuge  tube  and  centrifuged  for  ten  minutes.   1.4  mL  of  supernatant  was 
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transferred  to  Eppendorf  tubes  and  stored  for  barium  analysis.  The  remaining  supernatant  was 
used  to  measure  the  EC  of  each  of  the  20  microcosms. 


4.  RESULTS 

The  results  of  the  quantitative  experiment  are  summarized  in  Table  II- 1  and  Figure  II-2. 


5.  CONCLUSIONS 

The  conclusions  of  this  experiment  are  evident  from  Figure  II-2  and  are  that  adding  salt  to  barite- 
contaminated  soil  can  result  in  an  increase  in  the  soluble  barium  present,  but  that  the  barium 
released  comes  from  the  soil,  and  not  from  the  barite.  Accordingly,  this  process  will  not  be 
significant  when  determining  how  much  barite  can  safely  remain  in  soil. 
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Table  11-1.  Barium  Mobilization  Data 


IMass  of  NaCI  Added 

Mass  of  Soil 

Mass  of  Barite  Added 

Measured  EC 

Soluble  Ba''^ 

(mg) 

tg) 

(mg) 

(dS/m) 

(mg/L) 

Background  Soil 

0 

5015 

0 

022 

0  02 

90  1 

50  44 

0 

1  76 

0  19 

232  9 

5013 

0 

37 

0  41 

518  5 

50  19 

0 

83 

1 

1.375  70 

50  17 

0 

196 

34 

Background  +  2,000  mg/kg  Barite 

0 

50  43 

100  8 

0  24 

012 

90  1 

50  52 

99  9 

1  74 

0.23 

232  7 

50  41 

1014 

39 

0  45 

518  7 

50  21 

101 

83 

096 

1,375  70 

50  42 

99  9 

198 

33 

Background  +  10,000  mg/kg  Barite 

0 

50  54 

499  8 

0  26 

Oil 

901 

5021 

500  4 

175 

0  24 

232  9 

50  56 

500  7 

39 

0  65 

518  6 

504 

500 

83 

1 

1.375  60 

50  02 

500  4 

197 

29 

Contaminated  Soil 

0 

50  38 

0 

06 

0  16 

64 

50  6 

0 

1  64 

Oil 

208  2 

50  54 

0 

4  1 

02 

496  1 

50  2 

0 

84 

0  37 

1,354.40 

50  61 

0 

192 

1 

Figure  IM.  Range  Finding  Test 
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Figure  il-2.  Mobilization  of  Barium  by  Addition  of  NaCI 
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1.  INTRODUCTION 

In  February  2002,  ESG  International  was  contracted  by  Komex  International,  Ltd.  to  provide  an 
ecotoxicity  assessment  of  site  soils  contaminated  with  a  mixture  of  petroleum  hydrocarbons  and  barium 
sulphate.  The  soils  origLnated  from  an  abandoned  wellsite  location  near  Pincher  Creek,  Alberta,  and  the 
site  had  been  contaminated  as  a  consequence  of  drilling  activities  (i.e.,  drilling  mud  disposal).  The  results 
of  the  acute  earthworm  test  indicated  that  the  contaminated  site  soU  was  not  acutely  toxic  to  earthworms; 
however,  there  was  a  28  to  72%  reduction  in  growth  of  two  of  the  three  plant  species  tested,  following 
longer-term  exposure  to  the  contaminated  soU,  relative  to  the  uncontaminated  reference  control  soil.  The 
baritim  sulphate  soil  concentration,  as  total  barium  sulphate,  was  at  levels  that  exceeded  federal  (CCME) 
and  Alberta  provincial  (Tier  1  -  1994)  guideline  criteria;  however,  the  level  of  bariimi  sulphate  as 
saturated  paste,  which  represents  the  water-soluble  fraction,  was  extremely  low.  Petroleum  hydrocarbon 
soil  concentrations  in  the  contaminated  soil  were  at  levels  that  exceeded  the  regulatory  guideline  criteria 
(CCME  Fractions  2  and  3)  and  might  have  caused  the  adverse  effects.  As  a  result,  Komex  International 
contracted  ESG  to  provide  an  ecotoxicity  assessment  of  the  previously  collected  reference  control  site  soil 
amended  with  barium  sulphate.  The  uncontaminated  reference  site  soil  is  a  very  clayey  soil  collected  by 
Komex  International  from  a  site  in  Alberta.  The  physical  and  chemical  characteristics  of  the  reference 
control  soil  were  similar  to  those  of  the  contaminated  site  soil,  but  free  of  contaminants. 

A  preliminary  toxicity  assessment  (Phase  1)  with  barium  sulphate-amended  reference  soil  was 
conducted.  It  consisted  of  an  acute  earthworm  toxicity  test  and  an  acute  plant  screening  test.  The  test 
species  were  the  earthworm,  Eisenia  andrei,  and  the  plant  alsike  clover  {Trifolium  hybridum).  The  results  of 
these  preliminary  tests  were  reported  earlier  (ESG  2002);  they  are  also  included  in  this  report.  A  more 
comprehensive  testing  program  (Phase  2)  with  higher  barium  sulphate  soil  concentrations  was 
subsequently  conducted  and  consisted  of  one  acute  earthworm  test,  one  acute  arthropod  (springtail)  test 
and  three  definitive  plant  tests.  All  experiments  were  conducted  with  imdiluted  background  soil  (e.g.  a 
field-collected  uncontaminated  reference  soil)  amended  with  different  quantities  of  industrial-grade 
barium  sulphate,  as  well  as  with  an  experimental  control  soil  (e.g.  artificial  soil).  The  earthworm  and 
plant  test  species  were  identical  to  those  used  in  the  previous  testing  program  with  the  contaminated  site 
soil.  The  test  species  included  the  earthworm,  Eisenia  andrei  (compost  worm),  the  leguminous  plant, 
alsike  clover  {Trifolium  hybridum),  and  the  monocotyledonous  perennial  ryegrass  {Lolium  perenne),  and 
orchardgrass  {Dactylis  glomerata).  These  species  had  been  originally  chosen  because  E.  andrei  is  commonly 
used  to  assess  the  effects  of  contaminated  soil  on  terrestrial  invertebrates,  and  the  three  plant  species  are 
used  as  forage  crops  on  rangeland  in  Alberta.  The  arthropod  species,  a  springtail,  Onychiurus  folsomi,  was 
also  included  because  it  inhabits  a  niche  in  the  terrestrial  ecosystem  different  from  that  of  earthworms 
and  plants  and  it  represents  a  different  exposure  pathway. 

The  soils  used  were  those  previously  collected  by  Komex  International  and  received  by  ESG  on  February 
27,  2002.  After  their  arrival  at  ESG's  Southgate  Laboratory,  the  soil  samples  (e.g.,  20-L  buckets)  had  been 
assigned  identification  numbers  and  were  entered  into  a  log  book  (Table  A.l;  Appendix  A).  Six  buckets 
of  the  background  soil  had  been  received,  and  the  samples  were  denoted  as  Background  (1-6).  Prior  to 
testing,  the  soil  samples  had  been  air-dried  for  24  hours,  broken  up  by  hand,  pulverized  into  smaller 
aggregates,  and  sieved  through  a  6-mm  stainless  steel  sieve.  Once  aU  the  soil  from  the  six  buckets  had 
been  sieved,  they  were  homogenized  and  were  stored  in  plastic  20-L  buckets  at  room  temperature  (20  ± 
2''C)  imtil  use.  The  experimental  control  soil  was  an  artificial  soil  (AS)  formulated  in  the  laboratory,  and 
characterized  as  a  fine  sandy  loam.  The  soil  moisture  contents  of  the  background  and  artificial  soils  were 
determined  prior  to  testing.  The  physical  and  chemical  characteristics  of  the  experimental  control  soil 
and  the  reference  (background)  control  soil  are  listed  in  Table  A.2  (Appendix  A). 

The  objective  of  this  research  was  to  determine  the  concentration  of  barium  sxilphate  in  the  reference 
control  soil  (backgroimd  soil)  that  would  cause  an  adverse  effect  on  earthworm  survival,  springtail 
survival  and  seedling  emergence  and  early  growth.  The  experimental  control  soil  provided  QA/QC  data 
on  test  organism  health  and  experimental  conditions.  Preliminary  testing  began  on  July  30,  2002,  and  the 
more  comprehensive  testing  program  began  on  September  24,  2002. 


Ecotoxicity  Evaluation  of  Reference  Site  Soils  Amended  with  Barium  Sulphate 
G2144- January  2,  2003 


3 


ESG  INTERNATIONAL  INC. 


4  Ecotoxicity  Evaluation  of  Reference  Site  Soils  Amended  with  Barium  Sulphate 

G2144  -  January  2,  2003 


ESG  INTERNATIONAL  INC. 


2.      PHASE  1 :  ACUTE  TOXICITY  TO  EISENIA  ANDREI 

2.1  Experimental  Design  and  Conditions 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

♦  Test  type  was  static  acute; 

♦  14-day  duration; 

♦  Test  endpoint:  adult  survivorship 

♦  Temperature:  constant  at  20  ±  2°C;  and, 

♦  Photoperiod:  16-hr  day,  8-hr  night  (fluorescent  illumination). 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended  reference 
("Background")  soil,  and  batches  of  reference  ("Background")  soil  amended  with  sufficient  barium 
sulphate  to  achieve  the  following  concentration  series;  500,  1500,  5000,  10,000,  25,000,  and  50,000  mg 
BaS04/kg  soil  dry  weight  (d.w.). 

Test  units  consisted  of  500-mL,  wide-mouthed  glass  mason  jars  filled  with  270  (AS)  or  350  (background 
reference  soil)  g  test  soil  wet  weight  (w.w.).  Mass  of  soil  per  test  unit  varied  depending  on  the  bulk 
density  of  the  soil.  Jars  were  covered  with  perforated  tin  foil  held  by  a  metal  screw  ring  to  facilitate  air 
exchange  for  the  earthworms.  Each  treatment  had  3  replicate  test  units,  each  with  five  adult  earthworms. 
Methods  and  procedures  for  site  soil  amendment  are  described  in  detail  elsewhere  (EC,  1998a). 

2.2  Soil  Preparation 

On  Day  -1,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis,  but  the  volumes  were 
adjusted  to  compensate  for  differences  in  the  bulk  density  of  the  various  soUs.  Barium  sulphate  was 
added  as  a  solid  to  dry  reference  soil  and  the  soil  was  thoroughly  homogenized  using  a  mechanical 
mixer.  The  resulting  BaS04-soil  mixture  was  then  hydrated  with  deionised  water  and  further 
homogenized.  Because  of  the  different  water-holding  capacities  among  the  test  soils,  the  moisture 
content  of  the  soils  ranged  from  13  to  37%.  Physical  and  chemical  soil  parameters  such  as  pH,  electrical 
conductivity,  and  moisture  content  were  measured  following  test  soil  preparation  and  at  the  end  of  the 
test  (Table  A. 3;  Appendix  A). 

On  Day  0,  five  cliteUate  Eisenia  andrei  were  added  to  each  test  unit  and  the  soils  in  the  test  units  were 
misted  gently  with  deionised  water  as  necessary.  Substantially  more  water  was  added  to  the  test  units  of 
the  reference  soil  treatments  after  the  earthworms  were  added  to  the  test  units,  as  compared  to  the 
experimental  control  soil  treatment.  The  extremely  clayey  nature  of  the  site  soUs  precluded  the  addition 
of  the  required  volume  of  deionised  water  while  homogeruzing  the  soil;  therefore  most  of  the  water  was 
added  when  the  earthworms  were  added. 

2.3  Statistical  Analyses 

No  statistical  analyses  of  the  earthworm  toxicity  data  were  conducted  because  no  mortality  was 
observed.  The  data  were  tabulated  instead. 

2.4  Results 

On  Day  7,  each  test  unit  was  inspected  to  determine  the  number  and  condition  of  surviving  E.  andrei.  All 
earthworms  in  each  treatment  survived  (n  =  15),  and  all  surviving  worms  appeared  healthy  (Table  A.4; 
Appendix  A). 

On  Day  14,  each  test  urut  was  inspected  again  to  determine  the  number  and  condition  of  surviving  E. 
andrei.  No  mortality  in  any  of  the  treatments  occurred  following  14  days  of  exposure,  and  all  surviving 
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worms  appeared  healthy  (Table  A.4;  Appendix  A).  Soil  pH,  electrical  conductivity  and  soil  moisture 
content  were  measured  and  compared  among  the  experimental  control,  reference  control  (0  mg 
BaS04/kg  soil  d.w.),  and  BaS04-amended  reference  soils.  The  addition  of  barium  sulphate  to  the 
reference  soil  did  not  affect  soil  pH,  and  aU  soU  pH  values  were  within  a  range  acceptable  for  E.  andrei 
survival  and  growth.  Soil  moisture  content  (end  of  test)  was  comparable  among  all  treatments,  and  was 
very  similar  among  the  reference  soil  treatments.  Soil  electrical  conductivity  in  the  reference  soil  was  not 
affected  by  the  addition  of  barium  sulphate,  and  the  electrical  conductivity  in  all  soil  treatments  was  well 
within  the  range  considered  acceptable  for  £.  andrei  survival  and  growth  (Table  A. 3;  Appendix  A). 
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3.      PHASE  1 :  ACUTE  SCREENING  ALSIKE  CLOVER  TEST 

3.1  Experimental  Design  and  Conditions 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

♦  Test  type  was  static  acute; 

♦  Test  organism  was  alsike  clover  from  Pickseed  Canada  Inc.,  Sherwood  Park,  AB; 

♦  Test  duration:  14  d; 

♦  Temperature:  24/16  ±  2°C  day /night; 

♦  Photoperiod:  16/8-h  day /night ; 

♦  Light  intensity:  ~  400  einsteins/m^; 

♦  Test  endpoint:  seedling  emergence,  shoot  and  root  wet  and  dry  mass. 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended  reference 
("Background")  soil,  and  batches  of  reference  ("Background")  soil  amended  with  sufficient  barium 
sulphate  to  achieve  the  following  concentration  series;  500,  1500,  5000,  10,000,  25,000,  and  50,000  mg 
BaS04 /kg  soil  dry  weight  (d.w.). 

Test  units  consisted  of  a  glass  petri  dish  enclosed  within  an  inverted  1-L  clear  poljrpropylene  container. 
Each  petri  dish  was  filled  with  either  70  g  w.w.  of  AS  at  35%  moisture  content  or  100  g  w.w.  of  reference 
("Background")  soil  at  18%  moisture  content.  More  soil  was  added  to  test  units  containing  the  reference 
soil  to  compensate  for  differences  in  bulk  densities  between  the  soils.  Both  AS  and  reference  soil 
treatments  consisted  of  two  replicate  test  units.  Ten  alsike  clover  seeds  were  planted  in  each  test  unit. 
Methods  and  procedures  for  site  soil  amendment  are  described  in  detail  in  EC,  1998b. 

3.2  Soil  Preparation 

On  Day  0,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis,  but  volumes  were 
adjusted  to  compensate  for  differences  in  bulk  density  of  the  soils.  Barium  sulphate  was  added  as  a  solid 
to  dry  reference  soil  and  the  soil  was  thoroughly  homogenized  using  a  mechanical  mixer.  The  resulting 
BaS04-soil  mixture  was  then  hydrated  with  deiorused  water  and  further  homogenized.  Because  of  the 
different  water-holding  capacities  among  the  test  soils,  the  moisture  content  of  the  prepared  test  soils 
ranged  from  13  to  35  %.  In  addition,  the  extremely  clayey  nature  of  the  background  soil  precluded  the 
addition  of  the  optimal  volume  of  deionised  water  while  homogenizing  the  soil,  therefore  most  of  the 
water  was  added  immediately  after  the  seeds  were  planted.  Physical  and  chemical  soil  parameters  such 
as  pH  and  electrical  conductivity  were  measiared  following  test  soil  preparation  and  at  the  end  of  the  test 
(Table  A.3;  Appendix  A).  Seeds  were  planted  in  each  test  unit,  to  a  depth  of  approximately  the  length  of 
the  longest  side  of  the  seed.  Test  imits  were  then  misted  gently  with  deionised  water.  Substantially  more 
water  was  added  to  the  test  units  containing  the  clay  backgroimd  soil  as  compared  to  the  experimental 
control  soil.  Test  units  were  checked  daily  and  watered  as  necessary  with  well-aerated  de-chlorinated, 
mimicipal  tap  water. 

3.3  Test  Processing 

On  Day  14,  each  test  uiut  was  inspected  to  determine  the  number  and  condition  of  emerged  seedlings.  A 
seedling  was  considered  emerged  if  the  shoot  tip  was  greater  than  three  mm  above  the  surface  of  the  soil. 
Seedlings  were  carefully  removed  from  the  soil  and  any  soil  particles  adhering  to  the  roots  were  gently 
washed  from  each  seedling  using  a  spray  bottle.  Once  cleaned,  seedling  shoot  and  root  length  were 
measured  as  well  as  shoot  and  root  wet  mass.  Plant  material  was  dried  for  48  hours  at  90°C  after  which 
shoot  and  root  dry  mass  was  also  determined.  The  roots  of  alsike  clover  plants  were  inspected  after 
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length  measurements  were  taken,  and  any  obvious  effect  on  the  nimiber  of  nodules  present  per  plant,  per 
treatment  was  recorded. 

3.4  Statistical  Analyses 

Analysis  of  variance  procedures  were  applied  to  the  data  followed  by  EHmnett's  2-sided  pairwise 
comparison  tests  to  compare  treatment  means  of  the  amended  reference  soils  to  the  control  reference  soil. 
To  ensure  that  the  assumptions  of  the  analytical  tests  performed  were  met,  the  data  and  residuals  were 
examined  for  normality  and  for  homogeneity  of  variance  among  treatments.  All  analyses  were 
performed  with  SYSTAT  7.0.1  (SPSS,  1997). 

3.5  Results 

Alsike  clover  emergence  in  the  reference  soil  was  not  significantly  affected  by  exposure  to  bariimi 
sulphate  up  to  concentrations  of  50,000  mg  BaS04/kg  soil  d.w.  (Figure  A.l;  Appendix  A). 

In  general  seedling  growth  also  was  not  significantly  affected  by  exposure  to  barium  sulphate  up  to 
concentrations  of  50,000  mg  BaS04/kg  soil  d.w.  Only  one  of  the  six  endpoints  (root  length)  was 
significantly  lower  than  the  root  length  of  plants  in  the  reference  control  soU  (0  mg  BaS04/kg  soil  d.w.) 
(Table  A.5,  Figure  A.2;  Appendix  A),  at  the  highest  bariimi  sulphate  concentration  tested  (50,000  mg 
BaS04/kg  soil  d.w.).  There  were  no  obvious  effects  of  exposure  to  barium  sulphate  on  the  abundance  of 
nodules  observed  per  plant  per  treatment. 

Soil  pH  and  electrical  conductivity  were  measured  and  compared  among  the  test  soils,  and  the  values  for 
both  parameters  in  all  soil  treatments  were  within  the  range  that  supports  plant  growth.  The  addition  of 
barium  sulphate  to  the  reference  soil  did  not  affect  pH  or  conductivity  (Table  A.3;  Appendix  A). 
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4.     PHASE  2:  CHEMICAL  ANALYSES  OF  THE  AMENDED  SOIL 

Prior  to  testing  (Day  0),  and  at  the  end  of  testing  (Day  14),  the  barium  soil  concentration  of  the  BaS04- 
amended  soils  was  measured.  Soil  subsamples  were  collected  from  each  spiked  treatment  (0  to  1,000,000 
mg  BaS04/kg  soil  d.w.)  at  the  beginning  and  end  of  the  Eisenia  andrei  and  perennial  ryegrass  Phase  2 
tests.  Samples  were  collected  from  one  earthworm  and  one  plant  test  to  observe  the  effect,  if  any,  of  the 
presence  of  earthworms  or  plants  on  the  total  or  water-soluble  concentration  of  barium  in  the  soil. 
Barium  sulphate  was  analysed  as  total  soil  concentration  and  as  saturated  paste.  Barium  sulphate  is 
sparingly  soluble  and,  as  a  result,  the  BaS04-saturated  paste  values  represent  the  water-soluble  fraction  of 
barium  sulphate  in  the  soil.  The  chemical  analyses  were  performed  by  Philip  Analytical  Services 
Corporation,  Mississauga,  Ontario. 

The  total  barium  and  barium  as  saturated  paste  concentrations  in  the  soil  samples  collected  from  the 
Eisenia  andrei  and  perenrual  ryegrass  tests  are  presented  in  Table  A.6  (Appendix  A).  There  were  no 
notable  differences  in  any  of  the  measured  soil  concentrations  between  ttie  E.  andrei  and  perermial 
ryegrass  samples. 

The  reference  control  soil  (0  mg/kg)  had  relatively  high  background  total  barium  concentrations  that 
ranged  from  273  to  1160  ppm.  Total  barium  soil  concentrations  in  the  lowest  (1000  mg/kg)  treatments 
ranged  from  714  to  791  ppm.  The  measured  concentrations  are  in  general  in  agreement  with  the  nominal 
concentration  once  background  bariimi  concentrations  are  accoimted  for,  since  1000  g  barium  sulphate  is 
equivalent  to  588.4  g  of  barium.  The  total  barium  soil  concentrations  for  all  of  the  other  nominal 
treatments  however,  were  one  to  three  orders  of  magiutude  lower  than  expected.  No  concentration- 
response  pattern  was  evident,  and  regardless  of  sampling  time  or  source,  the  concentration  of  total 
measured  barium  was  lowest  at  the  highest  nominal  concentration  (1,000,000  mg  BaS04/kg  soil  d.w.,  or 
100%  BaS04).  Despite  this,  the  results  were  reasonably  consistent;  total  soil  concentrations  were  similar 
among  the  10,000  to  1,000,000  mg/kg  treatments,  and  ranged  from  1060  to  1990  ppm.  Within  a  nominal 
concentration,  measured  total  barium  concentrations  were  even  more  similar,  particularly  within  the 
same  sampling  day.  The  analytical  procedure  used  to  measure  total  barium  soil  concentration  was  the 
Ontario  Ministry  of  the  Envirorm\ent  (OMOE)  protocol  E3073A,  which  is  an  aqua  regia  digest.  OMOE 
protocol  E3073A  is  the  standard  protocol  used  in  Ontario  to  measure  total  soil  metal  concentrations.  An 
aqua  regia  digest  is  an  aggressive  extraction  procedure  that  uses  hydrochloric  and  nitric  acid  to  leach 
contaminants  of  interest  from  a  sample.  It  is  a  standard  extraction  process  used  to  extract  inorganic 
contaminants,  particularly  metals,  from  soils.  However,  barium  as  the  barium  sulphate  salt  is  not  soluble 
in  acid,  therefore  this  particular  method  of  extracting  total  barium  from  the  soil  samples  was  likely 
inappropriate. 

The  concentration  of  BaS04-saturated  paste  at  Day  0  was  below  the  detection  liirut  (0.05  mg/L)  in  all 
samples  from  both  tests,  except  for  the  highest  concentration  where  it  was  still  very  low  (0.11  to  0.30 
mg/L).  Barium  was  also  detected  (0.07  mg/L)  in  the  control  sample  from  the  E.  andrei  test.  Barium  (as 
saturated  paste)  levels  were  higher  in  all  the  Day  14  samples  and  appeared  to  follow  a  consistent 
concentration-response  pattern.  The  concentrations  were  stiU  low,  however,  and  ranged  from  0.056  to 
2.40  mg/L  (Table  A.6).  This  is  consistent  with  the  sparingly  soluble  nature  of  barium  sulphate  and 
suggests  that  it  might  be  only  slightly  bioavailable  to  exposed  soil  orgaiusms. 
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5.      PHASE  2:  ACUTE  TOXICITY  TO  EISENIA  ANDREI 

5.1  Experimental  Design  and  Conditions 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

♦  Test  type  was  static  acute; 

♦  14-day  duration; 

♦  Test  endpoint:  adult  survivorship 

«     Temperature:  constant  at  20  ±  2°C;  and, 

♦  Photoperiod:  16-hr  day,  8-hr  night  (fluorescent  illumination). 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended  reference 
("Backgroimd")  soil,  and  batches  of  reference  ("Backgroimd")  soil  amended  with  sufficient  barium 
sulphate  to  achieve  the  following  concenti-ation  series;  1000, 10,000, 30,000, 100,000, 300,000,  and  1,000,000 
mg  BaS04/kg  soil  d.w. 

Test  uiuts  consisted  of  500-mL,  wide-mouthed  glass  mason  jars  filled  with  270  (AS)  to  350  (backgroimd 
reference  soil)  g  soil  wet  weight  (w.w.)  of  test  soil.  Mass  of  soil  added  per  test  unit  varied  depending  on 
the  bulk  density  of  the  soil.  Jars  were  covered  with  perforated  tin  foil  held  by  a  metal  screw  ring  to 
facilitate  gas  exchange  for  the  earthworms.  Each  treatment  included  3  repUcate  test  units.  Five  adult 
earthworms  were  added  to  each  test  unit.  Methods  and  procedures  for  site  soil  amendment  are  described 
in  detail  elsewhere  (EC,  1998a). 

5.2  Soil  Preparation 

The  test  soils  were  prepared  as  described  in  Subsection  2.2. 

5.3  Statistical  Analyses 

No  statistical  analyses  of  the  earthworm  toxicity  data  were  conducted  because  there  was  no  observed 
mortality;  the  results  were  simply  tabulated. 

5.4  Results 

On  Day  7,  each  test  imit  was  inspected  to  determine  the  number  and  condition  of  surviving  E.  andrei.  All 
earthworms  in  each  treatment  survived  (n  =  15),  and  all  surviving  worms  appeared  healthy  (Table  A. 4; 
Appendix  A). 

On  Day  14,  each  test  unit  was  inspected  again  to  determine  the  number  and  condition  of  surviving  E. 
andrei.  No  mortality  in  any  of  the  treatments  occurred  following  14  days  of  exposure,  and  all  surviving 
worms  appeared  healthy  (Table  A.4;  Appendix  A).  Soil  pH,  electrical  conductivity  and  soil  moisture 
content  were  measured  and  compared  among  the  experimental  control,  reference  control  (0  mg 
BaS04/kg  soil  d.w.),  and  BaS04-amended  reference  soils.  The  addition  of  barium  sulphate  to  the 
reference  soil  increased  soil  pH  however,  all  soil  pH  values  were  within  a  range  acceptable  for  E.  andrei 
survival  and  growth.  Soil  moisture  content  (end  of  test)  decreased  with  increasing  concentrations  of 
barium  sulphate,  however  the  soil  moisture  in  all  treatments  was  adequate  for  E.  andrei  survival  and 
growth.  Soil  electrical  conductivity  in  the  reference  soil  was  not  affected  by  the  addition  of  barium 
sulphate,  and  the  electrical  conductivity  in  aU  soil  treatments  was  well  within  the  range  considered 
acceptable  for  E.  andrei  survival  and  growth  (Table  A.3;  Appendix  A). 
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6.      PHASE  2:  ACUTE  TOXICITY  TO  ONYCHIURUS  FOLSOMI 

6.1  Experimental  Design  and  Conditions 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

♦  Test  type  was  static  acute; 

♦  7-day  duration; 

♦  Test  endpoint:  adult  survivorship 

♦  Temperature:  constant  at  20  ±  2°C;  and, 

«     Photoperiod:  16-hr  day,  8-hr  night  (fluorescent  illumination). 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended  reference 
("Background")  soil,  and  batches  of  reference  ("Background")  soil  amended  with  sufficient  barium 
sulphate  to  achieve  the  following  concentration  series;  1000, 10,000, 30,000, 100,000, 300,000,  and  1,000,000 
mg  BaS04/kg  soil  d.w. 

Test  imits  consisted  of  125-mL,  wide-mouthed  glass  mason  jars  filled  with  35  g  soil  wet  weight  (w.w.)  of 
test  soil.  Jars  were  closed  loosely  with  metal  lids  held  by  a  metal  screw  ring  to  prevent  escape  of  the 
organisms.  Each  treatment  included  3  replicate  test  units.  Ten  mature  springtails  were  added  to  each  test 
unit.  Methods  and  procedures  for  site  soil  amendment  are  described  in  detail  elsewhere  (EC,  1998c). 

6.2  Soil  Preparation 

On  Day  -1,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis,  but  the  volumes  were 
adjusted  to  compensate  for  differences  in  the  bulk  density  of  the  various  soils.  Barium  sulphate  was 
added  as  a  solid  to  dry  reference  soil  and  the  soil  was  thoroughly  homogenized  using  a  mechanical 
mixer.  The  resulting  BaS04-soil  mixture  was  then  hydrated  with  deionised  water  and  further 
homogeriized.  Because  of  the  different  water-holding  capacities  among  the  test  soils,  the  moisture 
content  of  the  soils  ranged  from  8  to  33%.  Physical  and  chemical  soil  parameters  such  as  pH,  electrical 
conductivity,  and  moisture  content  were  measured  following  test  soil  preparation  and  at  the  end  of  the 
test  (Table  A. 3;  Appendix  A). 

On  Day  0,  ten  mature  Onychiurus  folsomi  were  added  to  each  test  unit  and  the  soils  in  the  test  units  were 
misted  gently  with  deionised  water  as  necessary.  More  water  was  added  to  the  test  units  of  the  reference 
soil  treatments  after  the  springtails  were  added  to  the  test  units,  as  compared  to  the  experimental  control 
soil  treatment.  The  extremely  clayey  nature  of  the  site  soils  precluded  the  addition  of  the  required 
volimie  of  deiorused  water  while  homogenizing  the  soil  therefore  most  of  the  water  was  added  when  the 
springtails  were  added. 

6.3  Statistical  Analyses 

No  statistical  analyses  of  the  springtail  toxicity  data  were  conducted  because  there  was  no  observed 
mortality;  the  data  were  simply  tabulated. 

6.4  Results 

On  Day  7,  each  test  unit  was  inspected  to  determine  the  number  and  condition  of  surviving  O.  folsomi. 
AU  springtails  in  each  treatment  survived  (n  =  30),  and  all  surviving  springtails,  as  far  as  it  was 
ascertainable,  appeared  healthy  (Table  A. 7;  Appendix  A). 

Soil  pH,  electrical  conductivity  and  soil  moisture  content  were  measured  and  compared  among  the 
experimental  control,  reference  control  (0  mg  BaS04/kg  soil  d.w.),  and  BaS04-amended  reference  soils. 
The  addition  of  barium  sulphate  to  the  reference  soil  increased  soil  pH  however  all  soil  pH  values  were 
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within  a  range  acceptable  for  O.  folsomi  survival  and  growth.  Soil  moisture  content  (end  of  test) 
decreased  with  increasing  concentrations  of  barium  sulphate,  however  the  soil  moisture  in  all  treatments 
was  adequate  for  O.  folsomi  survival.  Soil  electrical  conductivity  in  the  reference  soil  was  not  affected  by 
the  addition  of  barium  sulphate,  and  the  electrical  conductivity  in  all  soil  treatments  was  well  within  the 
range  considered  acceptable  for  O.  folsomi  survival  (Table  A.3;  Appendix  A). 
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7.      PHASE  2:  DEFINITIVE  PLANT  TOXICITY  TESTS 

7.1  Experimental  Design  and  Conditions 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

♦  Test  type  was  static  acute; 

♦  Test  organism  was  alsike  clover,  orchardgrass  and  perennial  ryegrass  from  Pickseed  Canada  Inc., 
Sherwood  Park,  AB; 

♦  Test  duration:  14  d  (orchardgrass  and  perennial  ryegrass),  21  d  (alsike  clover); 

♦  Temperature:  24/16  ±  2°C  day /night; 

♦  Photoperiod:  16/8-h  day /night ; 

♦  Light  intensity:  -  400  einsteins/m^; 

♦  Test  endpoint:  seedling  emergence,  shoot  and  root  wet  and  dry  mass  and,  number  of  nodules  per 
plant  (alsike  clover  only). 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended  reference 
("Background")  soil,  and  batches  of  reference  ("Backgroimd")  soil  amended  with  sufficient  barium 
sulphate  to  achieve  the  following  concenti-ation  series;  1000, 10,000, 30,000, 100,000, 300,000,  and  1,000,000 
mg  BaS04/kg  soil  d.w. 

Test  imits  consisted  of  a  1-L  clear  polypropylene  container.  Each  container  was  filled  with  either  485  g 
w.w.  of  AS  at  35%  moisture  content  or  375  g  w.w,  of  reference  ("Background")  soil  at  18%  moisture 
content.  More  soil  was  added  to  test  units  containing  the  reference  soil  to  compensate  for  differences  in 
bulk  densities  between  the  soils.  Both  AS  and  reference  soil  treatments  consisted  of  4  replicate  test  imits. 
Five  orchardgrass  and  perennial  ryegrass  seeds,  and  ten  alsike  clover  seeds  were  planted  in  each  test  unit. 
Methods  and  procedures  for  site  soil  amendment  are  described  in  detail  in  EC,  1998b. 

7.2  Soil  Preparation 

Test  soils  were  prepared  as  described  in  Subsection  3.2.. 

7.3  Test  Processing 

The  test  units  were  processed  on  Day  14  or  21  as  described  in  Subsection  3.3.  but,  in  addition,  the  roots  of 
alsike  clover  plants  were  inspected  after  length  measurements  were  taken,  and  the  number  of  nodules 
present  per  plant  was  recorded. 

7.4  Statistical  Analyses 

Analyses  of  variance  procedures  were  applied  to  the  data  and  a  two-tailed  Dunnett's  test  was  used  to 
compare  each  treatment  mean  to  the  mean  of  the  reference  (unamended)  control  soil  treatment.  The 
Dunnett's  pairwise  comparison  test  was  used  to  compare  treatment  means  of  the  amended  reference  soils 
to  the  control  reference  soil  (SPSS,  1997).  Where  the  data  was  amenable,  linear  or  non-linear  regression 
analyses  were  also  conducted  in  order  to  generate  IC50  and  IC20  estimates.  The  analyses  consisted  of 
using  a  linear  or  four  nonlinear  regression  models  (i.e.  logistic,  gompertz,  exponential  and  logistic  with 
hormesis)  that  had  been  re-parameterized  to  include  the  ICp  and  the  associated  95%  confidence  limits. 
The  ICp  is  the  inhibition  concentration  (IC)  resulting  in  a  specified  percentage  (p)  effect.  The  data  were 
examined  for  normality  and  homogeneity  of  variance  among  treatments.  All  analyses  were  performed 
with  SYSTAT  7.0.1  (SPSS,  1997).  A  more  detailed  description  of  the  statistical  procedures  used  to  analyze 
the  definitive  plant  toxicity  test  data  can  be  found  in  either  Environment  Canada  (1998b)  or  Stephenson  et 
ah  (2000). 


Ecotoxicity  Evaluation  of  Reference  Site  Soils  An)ended  with  Barium  Sulphate  15 
G2144  -  January  2, 2003 


ESG  INTERNATIONAL  INC. 


7.5  Results 

7.5.1  Alsike  clover 

Alsike  clover  emergence  in  the  reference  soil  was  significantly  decreased  by  exposure  to  barium  sulphate 
at  the  highest  concentration  only  (1,000,000  mg  BaS04/kg  soil  d.w.,  or  100%  BaS04)  (Figure  A.3; 
Appendix  A).  Pure  (100%)  barium  sulphate  is  a  very  dense  growth  matrix  for  plants,  and  it  is  possible 
that  the  decreased  emergence  of  alsike  clover  in  this  treatment  was  the  result  of  a  physical  inhibition  of 
emergence,  rather  than  from  chemical  toxicity. 

Barium  sulphate  in  the  reference  soil  in  general  did  not  adversely  affect  alsike  clover  seedling  growth. 
Where  there  was  a  significant  difference,  seedling  growth  was  greater  in  plants  exposed  to  the  barium 
sulphate-amended  soils  (Figures  A.4  and  A. 5,  Table  A. 9;  Appendix  A).  Shoot  length  at  the  highest 
treatment  concentration  (1,000,000  mg  BaS04/kg  soil  d.w.)  was  significantly  lower  relative  to  that  in  the 
control  treatment.  Of  the  six  growth  endpoints,  only  shoot  dry  mass  data  were  amenable  to  regression 
analysis.  Linear  regression  analysis  of  the  shoot  dry  mass  data  estimated  IC50  and  IC20s  greater  than 
1,000,000  mg/kg  (100%  barium  sulphate)  (Table  A.8;  Appendix  A).  Nodule  production  of  alsike  clover 
roots  was  not  significantly  affected  by  exposure  to  barium  sulphate-amended  soils  (Figures  A.6  and  A.7; 
Appendix  A). 

7.5.2  Orchardgrass 

Orchardgrass  seedling  emergence  in  the  reference  soil  was  not  significantly  affected  by  exposure  to 
barium  sulphate  at  concentrations  up  to  1,000,000  mg  BaS04/kg  soil  d.w.  (Figure  A.3;  Appendix  A). 

Barium  sulphate  in  the  reference  soil  did  not  adversely  affect  orchardgrass  seedling  growth.  Where  there 
was  a  significant  difference  in  growth  compared  to  the  control  treatment,  seedling  growth  was  greater  in 
the  bariimi  sulphate-amended  soils  (Figures  A.8  and  A.9,  Table  A.9;  Appendix  A).  Of  the  six  growth 
endpoints  measured,  only  root  length  data  were  amenable  to  regression  analysis.  Linear  regression 
analysis  of  the  root  length  data  estimated  IC50  and  IC20s  of  >  1,000,000  and  850,000  mg/kg,  respectively 
(Table  A.8).  Of  all  the  endpoints,  only  root  length  appeared  to  be  somewhat  affected. 

7.5.3  Perennial  ryegrass 

Perennial  ryegrass  seedling  emergence  in  the  reference  soil  was  not  significantly  affected  by  exposure  to 
barium  sulphate  at  concentrations  up  to  1,000,000  mg  BaS04/kg  soil  d.w,  (Figure  A.3;  Appendix  A). 

Barium  sulphate  in  the  reference  soil  in  general  did  not  adversely  affect  perennial  ryegrass  seedling 
growth.  Shoot  growth  was  significantly  greater  in  the  reference  soil  amended  with  1,000,000  mg 
BaS04/kg  soil  d.w.  (Figures  A.IO  and  A.ll,  Table  A.9;  Appendix  A).  Root  length  was  significantly 
decreased  following  exposure  to  barium  sulphate-amended  soils  only  at  the  highest  treatment 
concentration  (1,000,000  mg  BaS04/kg  soil  d.w.).  Of  the  six  growth  endpoints  measured,  only  root  length 
data  were  amenable  to  regression  analysis.  Non-linear  regression  analyses  of  the  root  length  data 
estimated  IC50  and  IC20s  of  >1,000,000  and  960,000  mg/kg,  respectively  (Table  A.8;  Appendix  A). 

7.5.4  Soil  physical  and  chemical  characteristics 

As  with  the  earthworm  and  coUembola  Phase  2  test  soils,  the  addition  of  barium  sulphate  to  the  reference 
soil  in  all  three  plant  tests  increased  soil  pH,  however  all  soil  pH  values  were  within  the  range  that 
supports  plant  growth.  Soil  moisture  content  (beginning  of  test)  decreased  with  increasing 
concentrations  of  barium  sulphate;  however  water  was  added  to  increase  moisture  levels  to  close  to 
saturation  after  the  seeds  were  planted.  Electrical  conductivity  of  the  reference  soil  was  not  affected  by 
the  addition  of  barium  sulphate,  and  the  electrical  conductivity  of  all  soil  treatments  was  well  within  the 
range  that  supports  plant  growth  (Table  A.3;  Appendix  A). 
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8.  DISCUSSION 

The  results  from  both  the  Phase  1  and  Phase  2  tests  suggest  that  barium  sulphate  is  not  acutely  toxic  to 
the  terrestrial  invertebrates,  even  at  nominal  concentrations  as  high  as  1,000,000  mg  BaS04/kg  soil  d.w. 
Barium  sulphate  was  not  acutely  toxic  to  nlsike  clover  up  to  50,000  mg  BaS04/kg  soil  d.w..  The  results 
from  the  Phase  2  definitive  toxicity  testing  with  alsike  clover,  orchardgrass,  and  perennial  ryegrass 
indicate  that  longer-term  exposure  to  barium  sulphate  did  not  result  in  toxicity  to  the  three  plant  species, 
even  at  the  highest  exposure  concentrations  possible  (100%  BaS04  or  1,000,000  mg/kg  soil  d.w.).  The 
amendment  of  barium  sulphate  to  the  reference  control  soil  did  not  substantially  alter  the  physical  and 
chemical  characteristics  of  the  soil. 


Natalie  Feisthauer,  Project  Manager  Gladys  Stephenson,  Project  Director 
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Results  of  the  Amended  Site  Soil  Assessment: 
EcoTOxiciTY  Evaluation  with  Plant  and  Invertebrate  Species 


Table  A,l.  Identification  and  description  of  the  Alberta  reference  site  soils  received  from  Komex 
International. 


Sample 


Background  Reference  Soil 

Background  Reference  Soil 
Background  Reference  Soil 
Background  Reference  Soil 
Background  Reference  Soil 
Background  Reference  Soil 


Date  Received 


Assigned  Sample 

Identification 


Observations 


27/02/2002        G2144  Background-1 


27/02/2002 
27/02/2002 
27/02/2002 
27/02/2002 
27/02/2002 


G2144  Background-2 
G2144  Background-3 
G2144  Background-4 
G2144  Background-5 
G2144  Background-6 


Light  yellow/grey  clay,  extremely 

chunky,  and  moist  to  dry. 
Same  as  G2144  Background-1 
Same  as  G2144  Background-1 
Same  as  G2144  Background-1 
Same  as  G2144  Background-1 
Same  as  G2144  Backqround-1 


Table  A.2.  Physico-chemical  characteristics  of  the  experimental  control  soil  (artificial  soil,  AS). 

Paramn*nr  Artificial  BacKground  Reference  a«,iw*!^,i  M^»h«H 

Parameter  ....  Analytical  Method 


Phosphorous  (mg/kg) 

23 

<1 

Nitric/perchloric  acid 
digestion 

Potassium  (mg/kg) 

22 

194 

NH4AC  extractable 

Magnesium  (mg/kg) 

149 

846 

NH4AC  extractable 

Calcium  (mg/kg) 

1848 

4026 

NH4AC  extractable 

Sodium  (mg/kg) 

67 

73 

NH4AC  extractable 

Total  Carbon  (%) 

4.46 

1.23 

Leco  furnace  method 

Total  Nitrogen  (%) 

0.05 

0.07 

Kjeldahl  method 

C.E.C.  (Cmol+/kg) 

18.5 

23.0 

Barium  chloride  method 

Soil  Texture 

Fine  Sandy  Loam 

Clay  Loam 

Gravimetric    grain  size 
distribution 

Sand  (%) 

77.3 

29.9 

Silt(%) 

7.8 

40.7 

Clay(%) 

14.9 

29.5 

Organic  Matter  (%) 

9 

1.2 

Dichromate  oxidation 

Bulk  Density  (g/cm3) 

0.98 

1.28 

Clod  method 

pH  (units) 

6.09 

7.7 

Water  method  (1:2) 

Conductivity  (mS/cm) 

0.3 

0.54 

Saturated  paste  method 

Soil  Moisture  (%) 

at  Field  Capacity  (0.3  bar) 

N/A 

24.4 

Gravimetric  analysis 

Source 

Formulated  from 

Alberta 

constituents 

Cation  Exchange 
Capacity 


Table  A. 3.  Physico-chemical  characteristics  of  treatment  soils  (artificial  soil,  reference  control  and  amended 
site  soils)  from  Phase  1  and  2  testing,  following  test  preparation  and  processing. 


Test 

Treatment 

(mg  BaS04/kg 

r^f^r^noo  coil 

d.w.) 

Initial 

nHl 

Final 

initial 

lillliai 

Conductivity 
(MS/m) 

Final 

Conductivity 
(|jS/cm) 

Initial 

Moisture 
Content  (%) 

Final 
nnai 

Moisture 
Content  (%) 

Phase  1  Testing 

Eisenia  andrei 

Artificial  Soil 

6.57 

5.92 

144 

166 

37.1 

36.9 

Reference  Soil 

7.90 

7.84 

201 

188 

15.1* 

24.5 

500 

7.98 

7.90 

203 

203 

12.8* 

23.1 

1500 

8.02 

7.96 

214 

207 

12.9* 

22.6 

5000 

8.03 

7.99 

223 

212 

15.1* 

22.6 

10,000 

8.01 

8.02 

215 

202 

15.4* 

23.5 

25,000 

7  QQ 

zn 

15.0 

23.0 

50,000 

7.99 

8.04 

235 

215 

14.3* 

22.2 

Alsike  Clover 

Artificial  Soil 

6.57 

7.45 

144 

214 

3 

3 

Reference  Soil 

7.90 

8.26 

201 

231 

3 

3 

OUU 

7  QQ 

0.00 

Z  iD 

3 

3 

louu 

ft  no 

ft  OQ 

0-1/1 

01Q 
Zoo 

3 

3 

DUUU 

ft  n'i 

ft  70 

o.oz 

OO'J 

00/f 
ZZ4 

3 

3 

•in  nr>n 
lU.UUU 

O.U1 

Q  'i'i 
0.00 

o-ic 

0/1  ft 
Z4D 

3 

3 

oc  f\f\n 
ZO.UUU 

7  QQ 

Q  "ii 
O.O  1 

OOjI 

ZZ4 

07C 
Z/0 

3 

3 

50.000 

7.99 

8.36 

235 

233 

3 

3 

rnase  z  i  esting 

E.  andrai 

Artiticiai  ooii 

ft  QA 

D.yi 

ft  7ft 

•IQO 

lyz 

OQ^ 

ZUo 

00  7 

oZ./ 

OK  ft 
00.0 

Reference  Soil 

7  OO 

Q  QQ 

O.Uo 

z04 

OQA 

200 

AAA* 
14.1 

20.6 

1000 

8.03 

8.19 

206 

204 

15.3* 

20.9 

10000 

8.03 

8.15 

216 

215 

13.6* 

20.3 

30000 

8.01 

8.23 

220 

223 

13.7* 

19.2 

100000 

8.04 

8.27 

220 

222 

14.0* 

19.3 

oUUUUU 

Q  no 
o.Uo 

Q  OQ 

22o 

ooc 
zzb 

HO  o* 

1o.z 

IQO 

lo.y 

1000000 

8.39 

8.48 

220 

187 

8.0* 

10.8 

0.  folsomi 

Artificial  Soil 

6.91 

6.48 

192 

219 

32.7 

32.6 

Reference  Soil 

7.93 

7.85 

204 

208 

14.1* 

17.3 

1000 

8.03 

7.8 

206 

220 

15.3* 

18.7 

10000 

8.03 

7.87 

216 

221 

13.6* 

18.5 

30000 

8.01 

7.85 

220 

225 

13.7* 

17.7 

100000 

8.04 

8.03 

220 

219 

14.0* 

14.7 

300000 

8.08 

8.04 

228 

218 

13.2* 

16.2 

1000000 

8.39 

8.21 

220 

212 

8.0* 

9.8 

Alsike  Clover 

Artificial  Soil 

7.54 

7.97 

221 

436 

31.9 

3 

Reference  Soil 

7.94 

8.02 

193 

480 

15.8 

3 

1000 

7.98 

8.12 

214 

402 

13.1 

3 

10000 

7.99 

8.17 

228 

464 

15.9 

3 

30000 

8 

8.25 

219 

428 

15.6 

3 

100000 

7.99 

8.18 

222 

478 

14.8 

3 

300000 

8.01 

8.32 

230 

490 

13.4 

3 

1000000 

8.3 

9.06 

220 

439 

8.2 

3 

Table  A.3.  Physico-chemical  characteristics  of  treatment  soils  (artificial  soil,  reference  control  and  amended 
site  soils)  from  Phase  1  and  2  testing,  following  test  preparation  and  processing. 


Treatment 

(mg  BaS04/kg 
reference  soil 
H  w  \ 

U.W.; 

Initial 
pHi 

Final 

pHz 

Initial 

nonriiirtlvltv 

(pS/m) 

Final 
Conductivity 
(MS/cm) 

Initial 

Molctiirp 

Content  {%) 

Final 

Content  (%) 

Orchardgrass 

Artificial  Soil 

7.52 

7.71 

220 

385 

34.0 

3 

Reference  Soil 

7.66 

8.04 

195 

407 

15.3 

3 

1000 

7.86 

8.09 

215 

428 

15.9 

3 

10000 

7.92 

8.12 

231 

373 

14.5 

3 

30000 

7.94 

8.09 

232 

472 

15.7 

3 

100000 

7.97 

8.11 

227 

490 

14.1 

3 

300000 

8.01 

8.11 

232 

621 

13.8 

3 

1000000 

8.32 

8.58 

233 

434 

8.4 

3 

Perennial  Ryegrass 

Artificial  Soil 

7.54 

8.16 

221 

301 

31.9 

3 

Reference  Soil 

7.94 

8.29 

193 

343 

15.8 

3 

1000 

7.98 

8.29 

214 

364 

13.1 

3 

10000 

7.99 

8.26 

228 

436 

15.9 

3 

30000 

8 

8.26 

219 

449 

15.6 

3 

100000 

7.99 

8.27 

222 

455 

14.8 

3 

300000 

8.01 

8.41 

230 

293 

13.4 

3 

1000000 

8.3 

8.65 

220 

443 

8.2 

3 

1  measured  at  the  beginning  of  the  test 

2  measured  at  the  end  of  the  test 

^moisture  content  measurements  are  not  usually  taken  when  conducting  plant  tests  since  irrigation  changes  the  moisture  content  of  the  soil 
*deionized  water  was  added  after  soil  m  c  measurements  were  taken  at  the  beginning  of  the  test 


Table  A.4.  Eisenia  andrei  adult  survival  following  7  and  14  days  of  exposure  to  artificial  soil, 
reference  control  site  soil,  and  BaS04-amended  reference  site  soil. 


Treatment 

{mg  BaS04/kg  reference  soil  d  w.) 

Day? 

Survival  (n  =  15)     Standard  Error 

Survival  (n  = 

Day  14 
15)       Standard  Error 

Phase  1  Testing 

Artificial  Soil 

15 

0 

15 

0 

Reference  Soil 

15 

0 

15 

0 

500 

15 

0 

15 

0 

1500 

15 

0 

15 

0 

5000 

15 

0 

15 

0 

10,000 

15 

0 

15 

0 

25,000 

15 

0 

15 

0 

50,000 

15 

0 

15 

0 

Phase  2  Testing 

Artificial  Soil 

15 

0 

15 

0 

Reference  Soil 

15 

0 

15 

0 

1000 

15 

0 

15 

0 

10000 

15 

0 

15 

0 

30000 

15 

0 

15 

0 

100000 

15 

0 

15 

0 

300000 

15 

0 

15 

0 

1000000 

15 

0 

15 

0 

3 


Alsike  clover  emergence 
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Figure  A.l.  Emergence  of  alsike  clover  following  14  days  of  exposure  to  the  experimental  control 
soil  (artificial  soil,  AS),  and  the  barium  sulphate-amended  reference  site  soils  (mg  BaS04/kg  soil 
d.w.).  Bars  indicate  one  standard  error,  and  numbers  above  the  columns  indicate  the  percent 
emergence  for  each  treatment. 
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Figure  A.2.  Alsike  clover  seedling  growth  following  14  days  of  exposure  to  the  experimental 
control  soil  (artificial  soil,  AS),  and  the  barium  sulphate-amended  reference  site  soils  (mg 
BaS04/kg  soil  d.w.).  Bars  on  the  columns  indicate  one  standard  error,  and  asterisks  indicate  a 
significant  difference  from  the  reference  control  site  soil. 
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Table  A.5.  The  effect  of  exposure  of  alsike  clover  to  barium  sulphate-amended  reference  site 
soil,  reference  control  soil,  and  artificial  soil  (Phase  1  test).  Values  in  brackets  indicate  one 
standard  error.  Asterisks  indicate  values  significantly  different  from  those  of  the  reference 
control  soil  treatment. 


Endpoint 


Treatment 

(mg  BaS04/kg 

Shoot 

Shoot  Wet 

Shoot  Dry 

Root 

Root  Wet 

Root  Dry 

reference  soil 

Length 

Mass 

Mass 

Length 

Mass 

Mass 

d.w.) 

(mm) 

(g) 

(mg) 

(mm) 

(g) 

(mg) 

Artificial  Soil 

14.60  (0.20) 

0.09  (0.01) 

19.90  (0.40) 

50.70  (9.40) 

0.10(0.004) 

9.10(1.00) 

Reference  Soil 

20.33  (3.44) 

0.08  (0.03) 

9.95  (0.75) 

79.21  (21.06) 

0.11  (0.01) 

7.75  (0.35) 

500 

21.18(0.96) 

0.09  (0.003) 

11.65  (0.15) 

72.17(4.21) 

0.11  (0.004) 

9.10(1.00) 

1500 

20.70(1.59) 

0.12(0.01) 

12.50*  (0.60) 

73.91  (1.33) 

0.11(0.01) 

8.65  (0.15) 

5000 

20.80  (1.38) 

0.09  (0.01) 

9.90  (0) 

68.59  (0.17) 

0.10(0.0003) 

7.45  (0.15) 

10.000 

22.15(0.30) 

0.13(0.004) 

13.05*  (0.35) 

79.95  (0.30) 

0.13(0.01) 

9.75  (0.95) 

25,000 

24.84  (0.30) 

0.12(0.01) 

12.70*  (0.70) 

73.24  (1.31) 

0.11  (0.02) 

9.20(1.20) 

50,000 

24.27  (0.07) 

0.12(0.02) 

11.85  (0.25) 

58.05*  (1.40) 

0.10(0.01) 

5.60  (0.50) 

Table  A. 6.  Chemical  analyses  of  the  barium  sulphate-amended  reference  soil. 


Treatment 
(mg  BaS04/kg  soil  d.w.) 

DayO 

Total  Barium^ 
(ppm) 

Day  14 

Barium  as  Saturated  Paste 
(mg/L) 

Day  0                  Day  14 

Eisenia  andrei 

Reference  Soil 

273 

289 

0.07 

0.056 

1000 

720 

714 

<0.05 

0.041 

10000 

1920 

1570 

<0.05 

Not  available 

30000 

1990 

1630 

<0.05 

0.061 

100000 

2080 

1620 

<0.05 

0.069 

300000 

1950 

1330 

<0.05 

0.231 

1000000 

1470 

1060 

0.11 

1.92 

Perennial  Ryegrass 

Reference  Soil 

284 

1160 

<0.05 

0.172 

1000 

766 

791 

<0.05 

0.073 

10000 

1830 

1440 

<0.05 

0.071 

30000 

1910 

1520 

<0.05 

0.055 

100000 

1830 

1410 

<0.05 

0.067 

300000 

1570 

1150 

<0.05 

0.134 

1000000 

1230 

1060 

0.30 

2.40 

*Samples  analysed  by  ICAP,  which  is  an  acid  digestion  Barium  sulphate  Is  not  soluble  in  acid,  therefore  the  analytical  values  underestimate  real 
soil  BaS04  concentrations. 
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Table  A.7.  Onychiurus  folsomi  survival  following  7  days  of  exposure  to  artificial  soil,  reference 
control  site  soil,  and  BaS04-amended  reference  site  soil. 


Treatment 

(mg  BaS04/kg  reference  soil  d  w ) 

Survival  (n  =  30) 

Standard  Error 

Artificial  Soil 

30 

0 

Reference  Soil 

30 

0 

1000 

30 

0 

10000 

30 

0 

30000 

30 

0 

100000 

30 

0 

300000 

20* 

0 

1000000 

30 

0 

*  N  =  20  for  this  treatment  (one  replicate  lest  unit  was  destroyed) 
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Figure  A.3.  Emergence  of  orchardgrass  and  perennial  ryegrass  following  14  days,  and  alsike 
clover  following  21  days  of  exposure  to  the  experimental  control  soil  (artificial  soil,  AS),  and  the 
barium  sulphate-amended  reference  site  soils  (mg  BaS04/kg  soil  d.w.).  Bars  indicate  one 
standard  error,  and  numbers  above  the  columns  indicate  the  number  of  emerged  seedlings  per 
treatment.  Asterisks  indicate  significant  differences  from  the  reference  control  soil  treatment. 
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Figure  A. 4  .  Alsike  clover  growth  following  21  days  of  exposure  to  the  reference  control  site  soil, 
and  the  barium  sulphate-amended  reference  site  soils  (mg  BaS04/kg  soil  d.w.). 
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Figure  A.8  .  Orchardgrass  growth  following  14  days  of  exposure  to  the  reference  control  site  soil, 
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Table  A.8.  Effect  of  exposure  to  barium  sulphate-amended  soil  to  the  growth  of  alsike  clover, 
orchardgrass  and  perennial  ryegrass.  Values  in  brackets  indicate  upper  and  lower  confidence 
limits,  respectively.  


Species  Parameter  Model 


IC501  IC20^ 
(mg/kg)   (mg/kg) 


Alsike  clover          Shoot  Dry  Mass     Linear           .aVioTm  10^)  H.eVSx  10^) 

r>  u  ^                  n    »i      »u           1-                     >  1,000,000  850,000 

Orchardgrass         Root  Length         Linear           ^  ^  ^J^,     ^  ^  ^  ^q,;^  ^ ^ 

■  .r,                i.              LI       •              >  1,000,000  960,000 

Perennial  Ryegrass    Root  Length       Hormesis       (5,7,ibM.6x10ei  (6.4x10M.3x  W) 

%here  confidence  limits  are  negative,  this  indicates  that  the  fit  of  the  model  to  the  data  was  poor 
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Table  A.9.  The  effect  of  exposure  of  alsike  clover,  orchardgrass  and  perennial  ryegrass  to 
barium  sulphate-amended  reference  site  soil,  reference  control  soil,  and  artificial  soil  (Phase  2 

testing).  Values  in  brackets  indicate  one  standard  error.  
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ECOTOXICITY  EVALUATION  OF  REFERENCE  SITE  SOILS  AMENDED  WITH 
BARIUM  ACETATE 


1  Introduction 


In  March  2003,  ESG  International  (now  Stantec  Consulting  Ltd.)  was  contracted  by 
Chevron  Canada  Resource  to  provide  an  ecotoxicity  assessment  of  site  soils 
contaminated  with  a  mixture  of  petroleum  hydrocarbons  and  barium  sulphate.  The 
soils  originated  from  the  drilled  and  abandoned  Chevron  Canada  Resources  CDN 
SUP  Waterton  04-13-05-01  W5M  wellsite,  located  near  Pincher  Creel<,  Alberta.  The 
results  of  the  acute  earthworm  test  indicated  that  the  contaminated  site  soil  was  not 
acutely  toxic  to  earthworms;  however,  there  was  significant  reduction  in  growth  of  two 
of  the  three  plant  species  tested,  following  longer-term  exposure  to  the  contaminated 
soil.  Petroleum  hydrocarbon  soil  concentrations  in  the  contaminated  soil  tested  were 
not  at  levels  expected  to  have  caused  the  adverse  effects.  The  barium  sulphate  soil 
concentration,  as  total  barium  sulphate,  in  the  contaminated  soil  was  at  levels 
sufficiently  high  to  potentially  cause  adverse  effects;  however,  the  level  of  barium 
sulphate  as  saturated  paste,  which  represents  the  water  soluble  fraction,  was 
extremely  low.  As  a  result,  Chevron  Canada,  on  behalf  of  the  Canadian  Association 
of  Petroleum  Producers  (CAPP),  contracted  ESG  to  provide  a  preliminary  ecotoxicity 
assessment  of  the  previously-collected  reference  control  site  soil  amended  with 
barium  acetate.  Barium  acetate  was  chosen  as  the  toxicant  because  it  is  more 
soluble  than  barium  sulphate  and  more  representative  of  a  worse-case  exposure 
scenario.  The  reference  control  site  soil  is  a  fine-grained  Alberta  till  (very  clayey)  soil 
that  was  collected  by  collected  by  Komex  International  Inc.  from  a  site  in  Alberta. 
The  physical  and  chemical  characteristics  of  the  reference  control  soil  were  similar  to 
that  of  the  contaminated  site  soil,  but  the  soil  was  free  of  contamination. 

The  preliminary  toxicity  assessment  included  three  experiments:  an  acute  earthworm 
toxicity  test,  an  acute  collembola  toxicity  test  and  an  acute  plant  screening  test.  The 
experiments  were  conducted  with  reference  control  site  soil  (e.g.,  background  soil) 
amended  with  different  quantities  of  industrial-grade  barium  acetate,  as  well  as  with 
an  experimental  control  soil  (e.g.,  artificial  soil).  The  worm  and  plant  test  species 
were  identical  to  those  used  in  the  previous  testing  program  with  the  contaminated 
site  soil;  acute  tests  were  also  conducted  with  a  soil  arthropod  (a  collembola,  or 
springtail,  species).  The  test  species  included  the  earthworm  Eisenia  andrei 
(compost  worm),  the  collembola  Onychiurus  folsomi  and  the  leguminous  plant,  alsike 
clover  (Trifolium  hybridum).  These  species  had  been  originally  chosen  because  E. 
andrei  and  collembola  are  commonly  used  to  assess  the  effects  of  contaminated  soil 
on  terrestrial  invertebrates,  and  alsike  clover  is  used  as  a  forage  crop  on  rangeland  in 
Alberta.  Following  the  preliminary  toxicity  assessment,  chronic  tests  were  performed 
to  assess  the  effects  of  longer  exposure  durations.  In  addition  to  those  test  species 
listed  above,  tests  with  perennial  ryegrass  {Lolium  perenne)  and  orchard  grass 
{Dactylis  glomerata)  were  also  conducted. 
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1.1 


ECOTOXICITY  EVALUATION  OF  REFERENCE  SITE  SOILS  AMENDED  WITH 
BARIUM  ACETATE 

INTRODUCTION 


The  reference  control  soils  (Background-2)  were  collected  by  Komex  International 
and  received  by  ESG  on  February  18  and  March  14,  2003.  After  their  arrival  at 
ESG's  Southgate  Laboratory,  the  soil  samples  (e.g.,  20-L  buckets)  were  assigned 
identification  numbers  and  were  entered  into  a  logbook  (Table  A.1;  Appendix  A). 
Five  buckets  of  the  background  soil  were  received,  and  the  samples  were  denoted  as 
Background-2  (1-5).  Prior  to  testing,  the  soil  samples  were  air-dried  for  24  hours, 
broken  up  by  hand,  pulverized  into  smaller  aggregates,  and  sieved  through  a  6-mm 
stainless  steel  sieve.  Once  all  the  soil  from  the  five  buckets  had  been  sieved,  they 
were  homogenized  and  stored  in  plastic  20-L  buckets  at  room  temperature  (20  ±  2°C) 
until  use.  The  soil  moisture  content  of  the  background  and  artificial  soils  was 
determined  prior  to  testing. 

The  experimental  control  soil  was  an  artificial  soil  (AS)  formulated  in  the  laboratory, 
and  characterized  as  a  fine  sandy  loam.  The  physical  and  chemical  characteristics  of 
the  experimental  control  soil  are  listed  in  Table  A.2  (Appendix  A). 

The  objective  of  this  research  was  to  determine  the  concentration  of  barium  acetate 
in  the  reference  control  site  soil  (Background-2  soil)  that  would  adversely  afl'ect 
earthworm  and  coHembola  survival  and  seedling  emergence  and  early  growth.  The 
experimental  control  soil  provided  QA/QC  data  on  test  organism  health  and 
experimental  conditions.  Testing  began  on  May  14,  2003.  The  results  of  the  testing 
are  summarized  and  presented  in  this  report . 


Sfantec 


3  October  2003 

af:\projects\2003  active  projects\3201-3299\g3291-komexphase3\reports\barium  acetate\phase  3  repoi1_ocl  3  03  doc 


1.2 


ECOTOXICITY  EVALUATION  OF  REFERENCE  SITE  SOILS  AMENDED  WITH 
BARIUM  ACETATE 


2  Chemical  Analysis 


Barium  soil  concentration  of  the  Ba(C2H302)2-amended  soils  was  measured  at  the 
beginning  (Day  -1  for  earthworms,  Day  0  for  plants)  and  at  the  end  (Day  14  for 
earthworms,  Day  21  for  plants)  of  plant  and  earthworm  tests.  Soil  subsamples  were 
collected  from  each  amended  treatment  at  the  beginning  and  end  of  the  Eisenia 
andrei  acute  tests  and  the  beginning  and  end  of  the  Eisenia  andrei  chronic  and  alsike 
clover  definitive  tests.  Samples  were  collected  from  the  two  different  species  to 
observe  the  effect,  if  any,  of  the  presence  of  earthworms  vs.  plants  on  the  total  or 
water-soluble  concentration  of  barium  in  the  soil.  Barium  acetate  was  analysed  as 
total  soil  concentration  and  as  saturated  paste.  Barium  acetate  is  soluble  and,  as  a 
result,  the  Ba(C2H302)2-saturated  paste  values  were  expected  to  represent  the  water- 
soluble  fraction  of  barium  in  the  soil.  The  chemical  analyses  were  performed  by 
Philip  Analytical  Services  Corporation,  Mississauga,  Ontario. 

The  total  barium  and  barium  as  saturated  paste  concentrations  in  the  soil  samples 
collected  from  the  Eisenia  andrei  (acute  and  definitive)  and  alsike  clover  (definitive) 
tests  are  presented  in  Table  A.3  (Appendix  A).  There  was  no  discernable  effect  of 
test  species  (i.e.,  plant  vs.  earthworm)  on  any  of  the  measured  soil  concentrations 
between  the  E.  andrei  and  alsike  clover  end-of-test  results. 

For  all  three  sets  of  analyses,  the  reference  control  soil  (0  mg/kg)  had  relatively  high 
background  total  barium  concentrations  that  ranged  from  239  to  268  mg/kg  soil  d.w.. 
The  measured  concentrations  are  In  good  agreement  with  the  nominal 
concentrations  once  background  barium  concentrations  are  accounted  for,  since 
255.43  g  (molecular  weight)  barium  acetate  is  equivalent  to  137.33  g  (molecular 
weight)  of  barium.  Nominal  barium  soil  concentrations  were  regressed  against 
measured  barium  concentrations  in  soil  analyzed  from  the  beginning  and  end  of  the 
earthworm  acute  and  plant  definitive  tests,  and  from  the  beginning  of  the  earthworm 
chronic  test.  The  measured  values  of  total  barium  were  corrected  for  background 
barium  concentrations,  and  the  results  show  an  increasing  concentration  gradient 
that  was  strongly  correlated  with  nominal  barium  exposure  concentrations  (Figures 
A.1  to  A.3;  Appendix  A).  Regression  co-efficients  (r^  values)  for  all  sampling  times 
were  equal  to  or  greater  than  0.999. 

The  concentration  of  barium  measured  as  saturated  paste  did  not  correspond  well  to 
either  the  nominal  barium  soil  concentrations  or  the  measured  total  barium 
concentrations  for  all  three  sets  of  analyses.  A  concentration  gradient  existed  among 

  soil  treatments  sampled  at  the  beginning  (Day  -1 )  of  the  acute  earthworm  test  (Table 

StanteC     a.3;  Appendix  A)  but  not  in  soils  sampled  at  the  end  (Day  14)  of  the  test.  No  obvious 
patterns  or  trends  were  discerned  among  treatments  of  the  soils  sampled  at  the 
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CHEMICAL  ANALYSIS 


beginning  or  end  of  the  definitive  plant  test,  nor  in  soil  sannpled  at  the  beginning  of 

the  chronic  earthworm  test  (Table  A. 3;  Appendix  A). 

Samples  of  soil  treatments  were  only  analyzed  from  the  beginning  of  the  earthworm 
chronic  test.  No  samples  were  collected  on  the  last  day  of  the  test.  Based  on  the 
results  shown  in  Table  A.3  (Appendix  A),  it  was  decided  that  the  saturated  paste 
extraction  of  barium  was  not  a  good  surrogate  for  the  water-soluble,  or  bioavailable, 
fraction  of  barium  in  soil. 


Stantec 
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ECOTOXICITY  EVALUATION  OF  REFERENCE  SITE  SOILS  AMENDED  WITH 
BARIUM  ACETATE  REPORT  NAME 


3  Acute  Toxicity  To  Eisenia  andrei 


3.1  EXPERIMENTAL  DESIGN  AND  CONDITIONS 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

•  Test  type  was  static  acute; 

•  14-day  duration; 

•  Test  endpoint:  adult  survivorship 

•  Temperature:  constant  at  20  ±  2°C;  and, 

•  Photoperiod:  16-h  day,  8-h  night  (fluorescent  illumination). 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended 
reference  ("Background-2")  soil,  and  batches  of  reference  ("Background-2")  soil 
amended  with  sufficient  barium  acetate  to  achieve  the  following  concentration  series: 
2000,  4000,  6000,  8000. 10.000,  and  12,000  mg  Ba(C2H302)2/kg  soil  d.w. 

Test  units  consisted  of  500-mL,  wide-mouthed  glass  mason  jars  filled  with  270  g  soil 
wet  weight  (w.w.)  of  test  soil,  for  both  the  AS  and  Background-2  reference  soils.  Jars 
were  covered  with  perforated  tin  foil  held  by  a  metal  screw  ring  to  facilitate  gas 
exchange  for  the  earthworms.  Each  treatment  included  3  replicate  test  units.  Five 
adult  earthworms  were  added  to  each  test  unit.  Methods  and  procedures  for  site  soil 
amendment  are  described  in  detail  elsewhere  (EC,  1998a). 

3.2  SOIL  PREPARATION 

On  Day  -1,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis. 
Barium  acetate  was  added  as  a  solid  to  dry  reference  soil  and  the  soil  was  thoroughly 
homogenized  using  a  mechanical  mixer.  The  resulting  Ba(C2H302)2-soil  mixture 
(referred  to  as  BaAc)  was  then  hydrated  with  reverse  osmosis  (R.O.)  water  and 
further  homogenized.  Because  of  the  different  water-holding  capacities  among  the 
test  soils,  the  moisture  content  of  the  soils  ranged  from  17  to  35%.  Physical  and 
chemical  soil  parameters  such  as  pH,  electrical  conductivity,  and  moisture  content 
were  measured  following  test  soil  preparation  and  at  the  end  of  the  test  (Table  A.4; 
  Appendix  A). 

Statitec 

On  Day  0,  five  clitellate  Eisenia  andrei  were  added  to  each  test  unit  and  the  soils  in 
the  test  units  were  misted  gently  with  reverse  osmosis  (R.O.)  water  as  necessary. 
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ECOTOXICITY  EVALUATION  OF  REFERENCE  SITE  SOILS  AMENDED  WITH 
BARIUM  ACETATE 

ACUTE  TOXICITY  TO  EISENIA  ANDREI 


Substantially  more  water  was  added  to  the  test  units  of  the  reference  soil  treatments 
after  the  earthworms  were  added  to  the  test  units,  as  compared  to  the  experimental 
control  soil  treatment.  The  extremely  clayey  nature  of  the  site  soils  precluded  the 
addition  of  the  required  volume  of  R.O.  water  while  homogenizing  the  soil;  therefore, 
most  of  the  water  was  added  immediately  after  the  earthworms  were  added. 

3.3  STATISTICAL  ANALYSES 

Acute  earthworm  test  results  were  analyzed  using  the  Trimmed  Spearman-Karber 
regression  analysis  (Stephan,  1989)  to  generate  7-  and  14-d  LC50  estimates  and 
their  95%  confidence  limits. 

3.4  RESULTS 

On  Day  7,  each  test  unit  was  inspected  to  determine  the  number  and  condition  of 
surviving  E.  andrei.  The  7-d  LC50  was  7673.4  mg  BaAc/kg  soil  d.w.  and  the 
associated  95%  confidence  limits  were  7193.3  and  8185.6  mg/kg  soil  d.w..  The  14-d 
LC50  was  7168.2  mg  BaAc/kg  soil  d.w.  with  95%  confidence  limits  of  6853.9  and 
7496.9  mg/kg  soil  d.w.  (Table  A.5;  Appendix  A).  All  earthworms  in  each  treatment  up 
to  and  including  6000  mg/kg  BaAcsoil  d.w.  were  alive.  In  the  8000  mg/kg  BaAcsoil 
d.w.  treatment,  only  6  worms  remained  alive  {n=15);  and  all  surviving  worms 
appeared  unhealthy.  All  the  worms  in  10,000  and  12,000  mg/kg  treatments  were 
dead  after  7  days.  (Table  A.5;  Appendix  A). 

On  Day  14,  each  test  unit  was  inspected  again  to  determine  the  number  and 
condition  of  surviving  E.  andrei.  All  earthworms  in  each  treatment  up  to  and  including 
6000  mg/kg  BaAc  soil  d.w.  were  still  alive;  however,  most  worms  had  re-sorbed  their 
clitellums,  a  sign  of  stress.  In  the  8000  mg/kg  BaAc  soil  d.w.  treatment,  only  2  worms 
remained  alive,  and  appeared  to  be  unhealthy  with  re-sorbtion  of  their  clitellum, 
pinching-off  in  the  midsection  of  their  body  and  lethargic  movement  (Table  A.5; 
Appendix  A).  Soil  pH,  electrical  conductivity  and  soil  moisture  content  were 
measured  and  compared  among  the  experimental  control,  reference  control  (0  mg/kg 
BaAc  soil  d.w.),  and  BaAc-amended  reference  soils.  The  addition  of  barium  acetate 
to  the  reference  soil  did  not  affect  soil  pH,  and  all  soil  pH  values  were  within  a  range 
acceptable  for  E.  andrei  survival  and  growth.  Soil  moisture  content  (end  of  test)  was 
comparable  among  all  treatments,  and  was  very  similar  among  the  reference  soil 
treatments.  Soil  electrical  conductivity  in  the  reference  soil  increased  because  of  the 
addition  of  barium  acetate,  and  reached  2050  nS/cm  at  the  highest  concentrations, 
(Table  A.4;  Appendix  A)  which  is  outside  of  the  range  considered  acceptable  for  E. 
andrei  survival  and  growth  (earthworm  growth  has  been  observed  to  be  unaffected 
upto  1500nS/cm). 
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ECOTOXICITY  EVALUATION  OF  REFERENCE  SITE  SOILS  AMENDED  WITH 
BARIUM  ACETATE 

4  Acute  Toxicity  To  Onychiurus  folsomi 


4.1  EXPERIMENTAL  DESIGN  AND  CONDITIONS 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

•  Test  type  was  static  acute; 

•  7-day  duration; 

•  Test  endpoint:  adult  survivorship 

•  Temperature:  constant  at  20  ±  2°C;  and, 

•  Photoperiod:  16-h  day,  8-h  night  (fluorescent  illumination). 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended 
reference  ("Background-2")  soil,  and  batches  of  reference  ("Background-2")  soil 
amended  with  sufficient  barium  acetate  to  achieve  the  following  concentration  series: 
2000.  4000,  6000,  8000, 10,000,  and  12,000  mg  Ba(C2H302)2/kg  soil  d.w. 

Test  units  consisted  of  125-mL,  wide-mouthed  glass  mason  Jars  filled  with  30  g  soil 
wet  weight  (w.w.)  of  test  soil,  for  both  the  AS  and  Background-2  reference  soils.  Jars 
were  covered  with  metal  lids  screwed  on  very  lightly  by  a  metal  screw  ring  to  facilitate 
gas  exchange.  Each  treatment  included  3  replicate  test  units.  Ten  (10)  adult 
collembola  were  added  to  each  test  unit.  Methods  and  procedures  for  site  soil 
amendment  are  described  in  detail  elsewhere  (EC,  1998c). 

4.2  SOIL  PREPARATION 

On  Day  -1,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis. 
Barium  acetate  was  added  as  a  solid  to  dry  reference  soil  and  the  soil  was  thoroughly 
homogenized  using  a  mechanical  mixer.  The  resulting  BaAc-soil  mixture  was  then 
hydrated  with  R.O.  water  and  further  homogenized.  Because  of  the  different  water- 
holding  capacities  among  the  test  soils,  the  moisture  content  of  the  soils  ranged  from 
17  to  35%.  Physical  and  chemical  soil  parameters  such  as  pH,  electrical 
conductivity,  and  moisture  content  were  measured  following  test  soil  preparation  and 
at  the  end  of  the  test  (Table  A.4;  Appendix  A). 

StanteC  ^'     ^^^^^  onychiurus  folsomi  were  added  to  each  test  unit  and  the  soils  in 

the  test  units  were  misted  gently  with  R.O.  water  as  necessary.  Substantially  more 
water  was  added  to  the  test  units  of  the  reference  soil  treatments  after  the  collembola 
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ACUTE  TOXICITY  TO  ONYCHIURUS  FOLSOMI 


were  added  to  the  test  units,  as  compared  to  the  experimental  control  soil  treatment. 
The  extremely  clayey  nature  of  the  site  soils  precluded  the  addition  of  the  required 
volume  of  R.O.  water  while  homogenizing  the  soli,  therefore  most  of  the  water  was 
added  immediately  after  the  collembola  were  added. 

4.3  STATISTICAL  ANALYSES 

No  statistical  analyses  of  the  collembola  toxicity  data  were  conducted.  The  data  sets 
and  their  individual  histograms  provided  a  visual  estimate  of  the  LC50, 

4.4  RESULTS 

On  Day  7,  each  test  unit  was  inspected  to  determine  the  number  and  condition  of 
surviving  O.  folsomi.  No  apparent  difference  in  mortality  in  any  of  the  treatments 
following  7  days  of  exposure,  and  all  surviving  collembola  appeared  healthy  (Table 
A.6;  Appendix  A).  Soil  pH,  electrical  conductivity  and  soil  moisture  content  were 
measured  and  compared  among  the  experimental  control,  reference  control  (0  mg/kg 
BaAc  soil  d.w.),  and  BaAc-amended  reference  soils.  The  addition  of  barium  acetate 
to  the  reference  soil  did  not  affect  soil  pH,  and  all  soil  pH  values  were  within  a  range 
acceptable  for  O.  folsomi  survival  and  growth.  Soil  moisture  content  (end  of  test)  was 
comparable  among  all  treatments,  and  was  very  similar  among  the  reference  soil 
treatments.  Soil  electrical  conductivity  in  the  reference  soil  was  increased  by  the 
addition  of  barium  acetate,  reaching  a  value  of  2050  i^S/cm  (Table  A.4;  Appendix  A). 


Stantec 
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ECOTOXICITY  EVALUATION  OF  REFERENCE  SITE  SOILS  AMENDED  WITH 
BARIUM  ACETATE 


5  Preliminary  Screening  Plant  test 


5.1  EXPERIMENTAL  DESIGN  AND  CONDITIONS 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

•  Test  type  was  static  acute; 

•  Test  organism  was  alsike  clover  from  Pickseed  Canada  Inc.,  Sherwood  Park,  AB; 

•  Test  duration:  14  d; 

•  Temperature:  24/16  ±  2°C  day/night; 

•  Photoperiod:  16/8-h  day/night ; 

•  Light  intensity:  ~  300-350  OE/m^/sec; 

Test  endpoint:  seedling  emergence,  shoot  and  root  wet  and  dry  mass  and  number  of 
nodules. 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended 
reference  ("Background-2")  soil,  and  batches  of  reference  {"Background-2")  soil 
amended  with  sufficient  barium  acetate  to  achieve  the  following  concentration  series; 
500, 1000,  2000,  4000,  6000,  8000, 10,000  and  12,000  mg  BaAc/kg  soil  d.w. 

Test  units  consisted  of  a  glass  petri  dish  enclosed  within  an  inverted  1-L  clear 
polypropylene  container.  Each  petri  dish  was  filled  with  100  g  w.w.  of  AS  at  35% 
moisture  content  or  100  g  w.w.  of  reference  ("Background-2")  soil  at  17%  moisture 
content.  Both  AS  and  reference  soil  treatments  consisted  of  2  replicate  test  units. 
Ten  alsike  clover  seeds  were  planted  in  each  test  unit.  Methods  and  procedures  for 
site  soil  amendment  are  described  in  detail  in  EC,  1998b. 

5.2  SOIL  PREPARATION 

On  Day  0,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis,  but 
volumes  were  adjusted  to  compensate  for  differences  in  bulk  density  of  the  soils. 
Barium  acetate  was  added  as  a  solid  to  dry  reference  soil  and  the  soil  was  thoroughly 
homogenized  using  a  mechanical  mixer.  The  resulting  BaAc-soil  mixture  was  then 
hydrated  with  R.O.  water  and  further  homogenized.  Because  of  the  different  water- 
holding  capacities  among  the  test  soils,  the  moisture  content  of  the  prepared  test 
soils  ranged  from  17  to  35  %.  In  addition,  the  extremely  clayey  nature  of  the 
background  soil  precluded  the  addition  of  the  optima!  volume  of  R.O.  water  while 
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homogenizing  the  soil,  therefore  most  of  the  water  was  added  immediately  after  the 
seeds  were  planted.  Physical  and  chemical  soil  parameters  such  as  pH  and 
electrical  conductivity  were  measured  following  test  soil  preparation  and  at  the  end  of 
the  test  (Table  A.4;  Appendix  A).  Seeds  were  planted  in  each  test  unit,  to  a  depth  of 
approximately  the  length  of  the  longest  side  of  the  seed.  Test  units  were  then  misted 
gently  with  R.O.  water.  Substantially  more  water  was  added  to  the  test  units 
containing  the  clay  background  soil  as  compared  to  the  experimental  control  soil. 
Test  units  were  checked  daily  and  watered  on  an  as-need  basis  with  well-aerated  de- 
chlorinated,  municipal  tap  water. 

5.3  TEST  PROCESSING 

On  Day  14,  each  test  unit  was  inspected  to  determine  the  number  and  condition  of 
emerged  seedlings.  A  seedling  was  considered  emerged  if  the  shoot  tip  was  greater 
than  3  mm  above  the  surface  of  the  soil.  Seedlings  were  carefully  removed  from  the 
soil  and  any  soil  particles  adhering  to  the  roots  were  gently  washed  from  each 
seedling  using  a  spray  bottle.  Once  cleaned,  seedling  shoot  and  root  length  were 
measured  as  well  as  shoot  and  root  wet  mass.  Plant  material  was  dried  for  48  hours 
at  90°C  after  which  shoot  and  root  dry  mass  was  also  determined.  The  roots  of 
alsike  clover  plants  were  inspected  after  length  measurements  were  taken,  and  any 
obvious  effect  on  the  number  of  nodules  present  per  plant,  per  treatment,  was 
recorded. 

5.4  STATISTICAL  ANALYSES 

No  statistical  analyses  of  the  alsike  clover  toxicity  data  were  conducted.  The  data 
histograms  provided  a  visual  estimate  of  the  EC50s. 

5.5  RESULTS 

Alsike  clover  emergence  in  the  reference  soil  was  adversely  affected  at  the  2000  mg 
BaAc/kg  soil  d.w.  treatment  and  greater  (Figure  A.4;  Appendix  A). 

In  general,  seedling  growth  was  adversely  affected  at  the  1000  mg  BaAc/kg  soil  d.w. 
treatment  and  greater  compared  to  the  reference  control  soil  (0  mg  BaAc  /kg  soil 
d.w.)  (Table  A.7,  Figure  A.5;  Appendix  A).  Adverse  effects  on  shoot  length  began  at 
500  mg/kg  soil  d.w.,  while  shoot  dry  mass  and  number  of  nodules  were  affected  at 
2000  mg/kg  soil  d.w.  and  greater. 

Stantec  electrical  conductivity  were  measured  and  compared  among  the  test 

soils,  and  the  values  for  both  parameters  in  all  soil  treatments  were  within  the  range 
that  supports  plant  growth.  The  addition  of  barium  acetate  to  the  reference  soil  did 
not  affect  pH  or  conductivity  (Table  A.4;  Appendix  A). 
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6  Definitive  Plant  Toxicity  Tests 


6.1     EXPERIMENTAL  DESIGN  AND  CONDITIONS 

The  experimental  design  and  conditions  of  ihe  test  were  as  follows: 

•  Test  type  was  static  acute; 

•  Test  organisms  were  alsike  clover,  perennial  ryegrass  and  orchard  grass  from 
Pickseed  Canada  Inc.,  ShenA/ood  Park,  AB; 

•  Test  duration:  14  d  for  perennial  ryegrass  and  orchard  grass;  21  d  for  alsike 
clover 

•  Temperature:  24/1 6  ±  2°C  day/night; 

•  Photoperiod:  16/8-h  day/night ; 

•  Light  intensity:  ~  300-350  OE/m^/sec; 

Test  endpoint:  seedling  emergence,  shoot  and  root  wet  and  dry  mass  (phytotoxicity 
and  number  of  nodules  for  alsike  clover) 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended 
reference  ("Background-2")  soil,  and  batches  of  reference  ("Background-2")  soil 
amended  with  sufficient  barium  acetate  to  achieve  the  following  concentration  series: 
75,  150,  300,  500, 1000,  and  2000  mg  BaAc/kg  soil  d.w. 

Test  units  consisted  of  a  1-L  clear  polypropylene  container  filled  with  485  g  w.w.  of 
AS  at  35%  moisture  content  or  375  g  w.w.  of  reference  ("Background-2")  soil  at  17% 
moisture  content.  Both  the  AS  and  reference  soil  control  treatments  consisted  of  6 
replicate  test  units.  The  75, 150,  and  300  mg  BaAc/kg  soil  d.w.  treatments  each  had 
4  replicate  test  units,  whereas  the  500  1000  and  2000  mg  BaAc/kg  soil  d.w. 
treatments  each  had  3  replicate  test  units. 

Ten  alsike  clover  seeds  were  planted  in  each  test  unit,  while  orchard  grass  and 
perennial  ryegrass  both  had  five  seeds  per  test  unit.  Methods  and  procedures  for 
site  soil  amendment  are  described  in  detail  elsewhere  (EC,  1998b). 


Stantec 


6.2    SOIL  PREPARATION 

On  Day  0,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis. 
Barium  acetate  was  added  as  a  solid  to  dry  reference  soil  and  the  soil  was  thoroughly 
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homogenized  using  a  mechanical  mixer.  The  resulting  BaAc-soil  mixture  was  then 
hydrated  with  R.O.  water  and  further  homogenized.  Because  of  the  different  water- 
holding  capacities  among  the  test  soils,  the  moisture  content  of  the  prepared  test 
soils  ranged  from  17  to  35  %.  In  addition,  the  extremely  clayey  nature  of  the 
background  soil  precluded  the  addition  of  the  optimal  volume  of  R.O.  water  while 
homogenizing  the  soil,  therefore  most  of  the  water  was  added  immediately  after  the 
seeds  were  planted.  Physical  and  chemical  soil  parameters  such  as  pH  and 
electrical  conductivity  were  measured  following  test  soil  preparation  and  at  the  end  of 
the  test  (Table  A.4;  Appendix  A).  Seeds  were  planted  in  each  test  unit,  to  a  depth  of 
approximately  the  length  of  the  longest  side  of  the  seed.  Test  units  were  then  misted 
gently  with  R.O.  water.  Substantially  more  water  was  added  to  the  test  units 
containing  the  clayey  background  soil  as  compared  to  the  experimental  control  soil. 
Test  units  were  checked  daily  and  watered  on  an  as-need  basis  with  well-aerated  de- 
chlorinated,  municipal  tap  water. 

6.3  TEST  PROCESSING 

On  the  final  testing  day  (Day  14  for  orchard  grass  and  perennial  ryegrass;  Day  21  for 
alsike  clover)  each  test  unit  was  inspected  to  determine  the  number  and  condition  of 
emerged  seedlings,  A  seedling  was  considered  emerged  if  the  shoot  tip  was  greater 
than  3  mm  above  the  surface  of  the  soil.  Seedlings  were  carefully  removed  from  the 
soil  and  any  soil  particles  adhering  to  the  roots  were  gently  washed  from  each 
seedling  using  a  spray  bottle.  Once  cleaned,  seedling  shoot  and  root  length  were 
measured  as  well  as  shoot  and  root  wet  mass.  For  alsike  clover,  two  more  endpolnts 
were  measured:  phytotoxicity  and  number  of  nodules.  The  roots  of  alsike  clover 
plants  were  inspected  after  length  measurements  were  taken,  and  any  obvious  effect 
on  the  number  of  nodules  present  per  plant,  per  treatment  was  recorded.  Plant 
material  was  dried  for  48  hours  at  90°C  after  which  shoot  and  root  dry  mass  was  also 
determined. 

6.4  STATISTICAL  ANALYSES 

Analyses  of  variance  (ANOVA)  procedures  were  applied  to  the  data  and  a  two-tailed 
Dunnett's  test  was  used  to  compare  each  treatment  mean  to  the  mean  of  the 
reference  (unamended  Background-2  soil)  control  soil  treatment.  The  Dunnett's 
pairwise  comparison  test  was  used  to  compare  treatment  means  of  the  amended 
reference  soils  to  the  control  reference  soil  to  determine  the  no-observable-adverse- 
effect  concentrations  (NOAEC)  and  lowest-observable-adverse-effect  concentrations 

  (LOAEC)  (SPSS,  1997).  Fisher's  Least  Significant  Difference  Test,  using  pairwise 

StanteC  comparison  probabilities,  was  used  to  determine  significant  differences  among 
treatment  means  (SPSS,  1997).  Linear  or  non-linear  regression  procedures  were 
also  applied  to  the  data  in  order  to  generate  IC50  and  IC20  estimates.  The 
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regression  analyses  consisted  of  using  a  linear  or  four  nonlinear  regression  models 
(i.e.,  logistic,  gompertz,  exponential  and  logistic  with  hornnesis)  that  had  been  re- 
parameterized  to  include  the  ICp  and  the  associated  95%  confidence  limits.  The  ICp 
is  the  inhibition  concentration  (IC)  resulting  in  a  specified  percentage  (p)  effect.  The 
data  were  examined  for  normality  and  homogeneity  of  variances  among  treatments. 
All  analyses  were  performed  with  SYSTAT  7.0.1  (SPSS,  1997).  A  more  detailed 
description  of  the  statistical  procedures  used  to  analyze  the  definitive  plant  toxicity 
test  data  can  be  found  in  either  Environment  Canada  (1998b)  or  Stephenson  et  al. 
(2000). 

6.5  RESULTS 

6.5.1  Alsike  Clover 

Emergence  in  the  control  soils  was  85%.  Emergence  in  the  amended  soils  was 
adversely  affected  relative  to  that  in  the  control  soil  at  the  treatment  concentration  of 
1000  mg  BaAc/kg  soil  d.w.)  (Figure  A.6;  Appendix  A).  In  general,  number  of  nodules, 
and  shoot-  and  root  -length  were  the  least  sensitive  endpoints  for  alsike  clover.  Root 
wet-  and  dry  mass  were  the  most  sensitive  endpoints  (Figures  A.7  to  A.9;  Appendix 
A).  The  ICp  values  (IC20,  IC50)  and  their  associated  95%  confidence  limits,  and 
NOAEC  and  LOAEC  estimates  for  alsike  clover  are  summarized  in  Tables  A.8a  and 
b  (Appendix  A). 

6.5.2  Orchard  grass 

Emergence  in  the  control  soil  was  70%.  Emergence  in  the  amended  soils  was 
adversely  affected  relative  to  that  in  the  control  soil  at  the  treatment  concentration  of 
1000  mg  BaAc/kg  soil  d.w.)  (Figure  A.6;  Appendix  A).  The  least  sensitive  endpoints 
for  orchard  grass  were  shoot  and  root  length,  followed  by  shoot  dry  mass  and  root 
wet  mass.  Shoot  wet  mass  and  root  dry  mass  were  the  most  sensitive  endpoints 
(Figures  A.10  and  A.11;  Appendix  A).  The  ICp  values  (IC20,  IC50)  and  their 
associated  95%  confidence  limits,  and  NOAEC  and  LOAEC  estimates  for  orchard 
grass  are  summarized  in  Tables  A.9a  and  b  (Appendix  A). 

6.5.3  Perennial  ryegrass 

Emergence  in  the  control  soils  was  87%.  Emergence  In  the  amended  soils  was 
adversely  affected,  but  not  significantly,  relative  to  that  in  the  control  soil  at  the 

  treatment  concentration  of  2000  mg  BaAc/kg  soil  d.w.  (Figure  A.6;  Appendix  A).  In 

StanteC  general,  shoot  and  root  length  were  the  least  sensitive  endpoints.  Shoot  wet  and  dry 
mass  were  the  most  sensitive  endpoints  (Figures  A.  12  and  A.I 3;  Appendix  A).  The 
ICp  values  (IC20,  IC50)  and  their  associated  95%  confidence  limits,  and  NOAEC  and 
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LOAEC  estimates  for  orchard  grass  are  summarized  in  Tables  A.  10a  and  b 

(Appendix  A). 

For  ail  three  plant  tests,  soil  pH  and  electrical  conductivity  were  measured  and 
compared  among  the  test  soils.  The  addition  of  BaAc  to  the  reference  soil  affected 
both  pH  and  conductivity;  however,  changes  in  both  these  parameters  were  well 
within  the  range  that  supports  healthy  plant  growth  (Table  A.4;  Appendix  A). 


Stantec 
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7.1     EXPERIMENTAL  DESIGN  AND  CONDITIONS 

The  experimental  design  and  conditions  of  the  test  were  as  follows: 

•  Test  type  was  static  chronic; 

•  Test  organisms  were  Eisenia  andrei  and  Onychiurus  folsomi  from  in-house 
cultures; 

•  Test  duration:  35  d  for  O.  folsomi;  63  d  for  E.  andrei; 

•  Temperature  constant  at  20  ±  2°C  day/night; 

•  Photoperiod:  16/8-h  day/night  (fluorescent  illumination);  and, 

•  Test  endpoints:  adult  survivorship,  adult  fecundity,  number  of  juveniles 

Experimental  treatments  included  an  experimental  control  soil  (AS),  an  unamended 
reference  ("Background-2")  soil,  and  batches  of  reference  ("Background-2")  soil 
amended  with  sufficient  barium  acetate  to  achieve  the  following  concentration  series 
for  E.  andrei:  10,  30,  60,  100,  300,  600,  1000,  3000,  6000  mg  BaAc/kg  soil;  and  100, 
300,  600,  1000,  3000,  6000,  8000,  10  000,  and  12,000  mg  BaAc/kg  soil  d.w.  for  O. 
folsomi. 

E.  andrei  test  units  consisted  of  500-mL,  wide-mouthed  glass  mason  jars  filled  with 
270  g  soil  wet  weight  (w.w.)  of  all  test  soils.  Jars  were  covered  with  perforated  tin  foil 
held  by  a  metal  screw  ring  to  facilitate  gas  exchange  for  the  earthworms.  Each 
treatment  included  10  replicate  test  units.  Two  adult  worms  were  added  to  each  test 
unit. 

O.  folsomi  test  units  consisted  of  125-mL,  wide-mouthed  glass  mason  jars  filled  with 
30  g  soil  wet  weight  (w.w.)  for  all  test  soils.  Jars  were  covered  with  metal  lids 
screwed  on  very  lightly  by  a  metal  screw  ring  to  facilitate  gas  exchange.  Each 
treatment  included  10  replicate  test  units.  Ten  (10)  adult  collembola  were  added  to 
each  test  unit. 

Methods  and  procedures  for  site  soil  amendment  are  elsewhere  (EC,  1998a  and  c). 

Stantec 
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7.2  SOIL  PREPARATION 

On  Day  0,  the  control  and  amended  soils  were  prepared  on  a  dry  weight  basis. 
Bariunn  acetate  was  added  as  a  solid  to  dry  reference  soil  and  the  soil  was  thoroughly 
homogenized  using  a  mechanical  mixer.  The  resulting  BaAc-soil  mixture  was  then 
hydrated  with  R.O.  water  and  further  homogenized.  Because  of  the  different  water- 
holding  capacities  among  the  test  soils,  the  moisture  content  of  the  prepared  test 
soils  ranged  from  17  to  35  %.  In  addition,  the  extremely  clayey  nature  of  the 
background  soil  precluded  the  addition  of  the  optimal  volume  of  R.O.  water  while 
homogenizing  the  soil,  therefore  most  of  the  water  was  added  immediately  after  the 
organisms  were  added  by  gentle  misting  with  R.O.  water.  Substantially  more  water 
was  added  to  the  test  units  containing  the  clay  background  soil  as  compared  to  the 
experimental  control  soil.  Test  units  were  checked,  watered  with  R.O.  and  fed  with 
oatmeal  on  a  weekly  basis.  Physical  and  chemical  soil  parameters  such  as  pH  and 
electrical  conductivity  were  measured  following  test  soil  preparation  and  at  the  end  of 
the  test  (Table  A.4;  Appendix  A). 

7.3  TEST  PROCESSING 

On  the  final  testing  day  for  O.  folsomi,  (Day  35)  each  test  unit  was  inspected  to 
determine  the  condition  and  surviving  number  of  adult  collembola,  along  with  number 
of  juveniles  produced.  An  adult  was  considered  alive  if  it  showed  signs  of  movement 
within  a  1-2  minute  period.  If  a  juvenile  collembolan  showed  no  immediate  sign  of 
movement,  it  was  not  enumerated.  The  collembola  were  floated  to  the  top  of  each 
test  unit  by  pouring  water  into  the  test  unit  until  the  soil  surface  was  covered,  then 
carefully  removed  with  a  very  fine  paintbrush  and  placed  into  a  petri  dish  to  be 
enumerated. 

E.  andrei  adults  were  removed  on  Day  35  and  the  number  of  surviving  adults  were 
recorded.  On  day  63  the  test  was  processed  to  determine  the  number  of  juveniles 
produced.  Juvenile  wet  and  dry  mass  were  also  measured,  after  the  juveniles  were 
dried  for  48  hours  at  90°C 


7.4     STATISTICAL  ANALYSES 

O.  folsomi:  Analyses  of  variance  procedures  were  applied  to  the  data  and  a  two- 
tailed  Dunnett's  test  was  used  to  compare  each  treatment  mean  to  the  mean  of  the 
reference  (unamended,  Background-2)  control  soil  treatment.  The  Dunnett's  pairwise 
comparison  test  was  used  to  compare  treatment  means  of  the  amended  reference 
soils  to  the  control  reference  soil  to  determine  the  no-observable-adverse-effect 
concentrations  (NOAEC)  and  lowest-observable-adverse-effect  concentrations 
(LOAEC)  (SPSS,  1997).  Fisher's  Least  Significant  Difference  Test,  using  pairwise 
comparison  probabilities,  was  used  to  determine  where  the  significant  differences 
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among  treatment  means  occurred  (SPSS,  1997).  Linear  or  non-linear  regression 
procedures  were  also  applied  to  the  data  in  order  to  generate  IC50  and  IC20 
estimates.  The  regression  analyses  consisted  of  using  a  linear  or  four  nonlinear 
regression  models  (i.e.,  logistic,  gompertz,  exponential  and  logistic  with  hormesis) 
that  had  been  re-parameterized  to  include  the  ICp  and  the  associated  95% 
confidence  limits.  The  ICp  is  the  inhibition  concentration  (IC)  resulting  in  a  specified 
percentage  (p)  effect.  The  data  were  examined  for  normality  and  homogeneity  of 
variances  among  treatments.  All  analyses  were  performed  with  SYSTAT  7.0.1 
(SPSS,  1997).  A  more  detailed  description  of  the  statistical  procedures  used  to 
analyze  the  definitive  plant  toxicity  test  data  can  be  found  in  either  Environment 
Canada  (1998)  or  Stephenson  et  al.  (2000). 

E.  andrei:  no  statistical  analysis  was  performed  on  the  definitive  E.  andrei  test  due  to 
deficiencies  in  the  data  set  (see  Subsection  7.5.2). 

7.5  RESULTS 

7.5.1  O.folsomi 

O.  folsomi  adults  survived  in  the  highest  treatment  of  12,000  mg/kg  BaAc  soil  d.w.; 
however,  the  number  of  surviving  adults  started  to  decline  significantly  in  the  6000 
mg/kg  treatment  and  greater.  Juvenile  production  was  adversely  affected  at  1000 
mg/kg  BaAc  soil  d.w.,  and  there  were  no  juveniles  at  the  highest  treatment  level  of 
12,  000  mg/kg  BaAc  soil  d.w.  Fecundity  was  adversely  affected  at  1000  mg/kg  BaAc 
soil  d.w.  and  greater  (Figures  A.14  and  A.I 5;  Appendix  A).  Estimates  of  toxicity 
(EC20,  EC50,  NOAEC  and  LOAEC)  are  summarized  in  Tables  A.I  la  and  b 
(Appendix  A). 

7.5.2  E.  andrei 

Adults  showed  a  slight  decline  in  survival  in  the  highest  treatment  of  6000  mg 
BaAc/kg  soil  d.w.  Both  juvenile  production  and  adult  fecundity  decreased  relative  to 
the  control  (Figure  A.  16;  Appendix  A)  at  1000  mg  BaAc/kg  soil  d.w.  and  was  absent 
at  3000  mg  BaAc/kg  soil  d.w.  In  the  experimental  control  soil  (AS)  the  mean  number 
of  juveniles  produced  was  23.5.  This  meets  the  Environment  Canada  draft  criteria  for 
test  acceptability  (EC,  2002).  In  the  unamended  reference  control  soil  ("Background- 
2")  the  mean  number  of  juveniles  produced  was  1.2.  Adult  fecundity  was  also  very 
low  in  the  reference  control  soil.  The  low  numbers  of  juveniles  and  fecundity  in  both 

  the  amended  and  control  site  soil  indicates  that  this  soil  provides  an  unsuitable 

Stantec     habitat  for  E.  andrei  reproduction. 
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For  the  two  invertebrate  tests,  soil  pH  and  electrical  conductivity  were  measured  and 
compared  among  the  test  soils.  The  addition  of  BaAc  to  the  reference  soil  affected 
both  pH  and  conductivity  in  both  Invertebrate  tests;  however,  changes  in  both  these 
parameters  were  well  within  values  that  support  O.  folsomi  and  E.  andrei 
reproduction  and  survival  (Table  A.4;  Appendix  A).  Soil  moisture  content  (end  of 
test)  was  comparable  among  all  treatments,  and  was  very  similar  among  the 
reference  soil  treatments. 


Stantec 
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The  results  of  the  acute  invertebrate  testing  indicate  that  the  reference  site  soil 
amended  with  barium  acetate  up  to  concentrations  of  12,000  mg  BaAc/kg  soil  d.w. 
was  not  acutely  toxic  to  collembola,  but  7-  and  14-d  LC50s  were  estimated  for 
earthworms  at  7673  and  7168  mg  BaAc/kg  soil  d.w.,  respectively.  The  results  of  the 
acute  screening  plant  test  indicate  that  the  reference  site  soil  amended  with  barium 
acetate  was  acutely  toxic  to  alsike  clover  with  adverse  effects  observed  at 
concentrations  >  1000  mg  BaAc/kg  soil  d.w.  and  greater. 

Generally,  the  results  of  the  definitive  plant  testing  show  that  adverse  effects  were 
observed  at  contaminations  >  500  mg  BaAc/kg  soil  d.w,  for  all  three  species.  Alsike 
clover  appeared  to  be  slightly  more  sensitive  than  perennial  ryegrass  or  orchard 
grass  but  the  difference  was  not  great.  IC50s  for  all  plant  species  and  endpoints 
ranged  from  529  to  1892  mg  BaAc/kg  soil  d.w. 

O.  folsomi  adult  fecundity  and  reproduction  were  adversely  affected  at  concentrations 
between  600  and  1000  mg  BaAc/kg  soil  d.w..  Adult  survivorship  was  adversely 
affected  at  contaminations  >  6000  mg  BaAc/kg  soil  d.w. 

The  results  of  the  definitive  earthworm  testing  indicate  that  the  physical  and/or 
chemical  properties  of  the  test  soil  were  not  conducive  to  E.  andrei  reproduction.  At 
the  treatment  level  of  1000  mg  BaAc/kg  soil  d.w  both  adult  fecundity  and 
reproduction  decreased,  relative  to  the  control. 
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concentration  of  barium  acetate  added.  This  Appendix  describes  how  these  toxicity  data  were 
converted  from  a  nominal  barium  acetate  basis  to  an  extractable  barium  basis,  and  how  the  soil 
contact  guidelines  for  extractable  barium  were  calculated. 
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2.  METHODOLOGY 

2.1  Extractable  Barium  Regression 

Soil  sample  concentration  series  from  either  the  beginning  or  end  of  five  different  toxicity  tests 
from  the  Stantec  (2003)  program  were  submitted  to  Enviro  Test  Labs  in  Saskatoon  for 
extractable  barium  analysis,  according  to  the  protocol  described  in  Section  6.2.2  in  the  main  text. 
The  spreadsheet  received  from  the  lab  summarizing  the  results  is  included  at  the  end  of  this 
Appendix.  Analytical  results  are  compiled  in  Table  V-1  with  an  explanation  of  which  barium 
acetate  concentration  in  which  toxicity  test  each  sample  came  from. 

Figure  V-1  shows  the  measured  extractable  barium  plotted  against  the  nominal  concentration  of 
barium  acetate  for  each  of  the  five  soil  sample  series.  As  can  be  seen,  in  Figure  V-1,  the  five 
curves  essentially  form  part  of  the  same  data  set,  and  so  it  appears  that  the  measured 
concentration  of  extractable  barium  is  independent  of  the  species  that  was  present  in  the  toxicity 
test,  and  whether  the  sample  was  collected  at  the  beginning  or  the  end  of  the  test. 

Figure  V-2  shows  the  regression  of  the  combined  data  set  from  all  five  soil  sample  series.  The 
regression  equation  was  y  =  0.439x  -  25.180,  where  x  is  the  nominal  concentration  of  barium 
acetate,  and  y  is  the  measured  concentration  of  extractable  barium. 

2.2  Soil  Quality  Guideline  Calculation 

Stantec  (2003)  (Appendix  IV)  provided  all  their  toxicity  data  on  a  nominal  barium  acetate  basis. 
In  the  current  document,  the  20^^  percentile  effect  data  {i.e.,  IC20,  EC20,  and  LC20)  were  used  to 
compute  the  soil  contact  guidelines,  based  on  guidance  in  CCME  (2000).  The  nominal  20*'' 
percentile  data  from  Stantec  (2003)  are  summarized  in  Table  V-2. 

Table  V-3  shows  the  results  of  applying  the  regression  equation  from  Section  2.1  above  to  the 
nominal  toxicity  data,  and  summarizes  the  20*'^  percentile  toxicity  data  expressed  on  an 
extractable  barium  basis.  The  different  growth  endpoints  for  each  plant  species  were  considered 
redundant,  as  were  the  different  reproduction  endpoints  for  springtails.  Table  V-3  combines 
each  group  of  redundant  endpoints  as  their  geometric  mean  (based  on  guidance  in  CCME  (2000), 
and  calculates  the  soil  contact  guidelines  for  extractable  barium.  The  soil  contact  guideline  for 
natural  areas,  agricultural  land,  and  residential/parkland  land  uses  was  calculated  as  the  25*^ 
percentile  of  the  geometric  means  in  Table  V-3.  The  soil  contact  guideline 
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for  commercial  and  industrial  land  uses  was  calculated  as  the  50  percentile  of  the  geometric 
means  in  Table  V-3.  Again,  these  procedures  followed  guidance  in  CCME  (2000). 
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Table  V-1.  Summary  of  Extractabie  Barium  Analyses 


ample 

(A 
O 

at  Day 

0) 

0) 

u 

able 

mtec  Si 
me 

St  Spec 

mple 
llected 

rium  A( 
ded 

change 

rium 

asured 

^  ro 

o 

n  o 

X   CO  o 

(/)  Z 

(/)  O 

CO  < 

UJ  CD  S 

(d) 

(mg/kg) 

(mg/kg) 

Springtail  Acute  Day  7 

O.F.  -  ACUTE  2  -  CONTROL 

Springtail 

7 

0 

41 

O.F.  -  ACUTE  2  -  2000 

Springtail 

7 

2,000 

673 

O.F.  -  ACUTE  2  -  4000 

Springtail 

7 

4,000 

1,419 

O.F.  -  ACUTE  2  -  6000 

Springtail 

7 

6,000 

2,456 

O.F.  -  ACUTE  2  -  8000 

Springtail 

7 

8,000 

3,461 

O.F.  -  ACUTE  2-  10000 

Springtail 

7 

10,000 

4,270 

O.F. -ACUTE  2-  12000 

Springtail 

7 

12.000 

5,337 

Earthworm  Acute  Day  0 

E.A.  -  ACUTE  2  -  CONTROL 

Earthworm 

0 

0 

239 

E.A.  -  ACUTE  2  -  2000 

Earthworm 

0 

2,000 

691 

E.A.  -  ACUTE  2  -  4000 

Earthworm 

0 

4,000 

1,612 

E.A.  -  ACUTE  2  -  6000 

Earthworm 

0 

6.000 

2,558 

E.A.  -  ACUTE  2  -  8000 

Earthworm 

0 

8,000 

3,459 

E.A.  -  ACUTE  2  -  10000 

Earthworm 

0 

10,000 

4,452 

E.A.  -  ACUTE  2  -  12000 

Earthworm 

0 

12.000 

5,321 

Invertebrate  Reproduction  Day  0 

E.A./O.F.  REPRODUCTION  -  CONTROL 

Invertebrates 

0 

0 

49 

E.A./O.F.  REPRODUCTION  -  10 

Invertebrates 

0 

10 

50 

E.A./O.F.  REPRODUCTION  -  30 

Invertebrates 

0 

30 

72 

E.A./O.F.  REPRODUCTION  -  60 

Invertebrates 

0 

60 

68 

E.A./O.F.  REPRODUCTION  - 100 

Invertebrates 

0 

100 

75 

E.A./O.F.  REPRODUCTION  -  300 

Invertebrates 

0 

300 

114 

E.A./O.F.  REPRODUCTION  -  600 

Invertebrates 

0 

600 

207 

E.A./O.F.  REPRODUCTION  - 1000 

Invertebrates 

0 

1,000 

362 

E.A./O.F.  REPRODUCTION  -  3000 

Invertebrates 

0 

3,000 

1,203 

E.A./O.F.  REPRODUCTION  -  6000 

Invertebrates 

0 

6,000 

2,513 

E.A./O.F.  REPRODUCTION  -  8000 

Invertebrates 

0 

8,000 

3,492 

E.A./O.F.  REPRODUCTION  -  10000 

Invertebrates 

0 

10,000 

4,450 

E.A./O.F.  REPRODUCTION  -  12000 

Invertebrates 

0 

12,000 

5,417 

Alsike  Clover  Definitive  Day  0 

ALSIKE  CLOVER  -  DEF  -  CONTROL 

Alsike  Clover 

0 

0 

48 

ALSIKE  CLOVER  -  DEF  -  75 

Alsike  Clover 

0 

75 

61 

ALSIKE  CLOVER  -  DEF  - 150 

Alsike  Clover 

0 

150 

75 

ALSIKE  CLOVER  -  DEF  -  300 

Alsike  Clover 

0 

300 

124 

ALSIKE  CLOVER  -  DEF  -  500 

Alsike  Clover 

0 

500 

186 

ALSIKE  CLOVER  -  DEF  - 1000 

Alsike  Clover 

0 

1,000 

365 

ALSIKE  CLOVER  -  DEF  -  2000 

Alsike  Clover 

0 

2,000 

833 

Orchard  Grass  Definitive  Day  14 

ORCHARD  GRASS  -  DEF  -  CONTROL 

Orchard  Grass 

14 

0 

85 

ORCHARD  GRASS  -  DEF  -  75 

Orchard  Grass 

14 

75 

62 

ORCHARD  GRASS  -  DEF  -  150 

Orchard  Grass 

14 

150 

80 

ORCHARD  GRASS  -  DEF  -  300 

Orchard  Grass 

14 

300 

133 

ORCHARD  GRASS  -  DEF  -  500 

Orchard  Grass 

14 

500 

177 

ORCHARD  GRASS  -  DEF  -  1000 

Orchard  Grass 

14 

1,000 

348 

ORCHARD  GRASS  -  DEF  -  2000 

Orchard  Grass 

14 

2,000 

744 

Table  V-2.  Summary  of  Extractable  Barium  Analyses 
Based  on  Nominal  Barium  Acetate  Concentrations 


Alsike 

Orchard 

Perennial 

Sprlngtail 

Springtall 

Effect  Measurement 

Endpoint 

Unit 

Clover 

Grass 

Ryegrass 

Survival 

Reproduction 

Earthworm 

Test  Duration 

days 

21 

14 

14 

35 

35 

14 

Shoot  length 

IC20 

mg/kg 

859 

1,105 

223 

Shoot  wet  mass 

IC20 

mg/kg 

364 

478 

181 

Shoot  dry  mass 

IC20 

mg/kg 

294 

NA 

247 

Root  length 

IC20 

mg/kg 

653 

480 

650 

Root  wet  mass 

IC20 

mg/kg 

351 

1.000 

623 

Root  dry  mass 

IC20 

mg/kg 

475 

NA 

556 

Nodules 

IC20 

mg/kg 

NA 

adult  survival 

LC20 

mg/kg 

5,996 

6000^ 

No  Juveniles 

EC20 

mg/kg 

1,158 

Adult  Fecundity 

EC20 

mg/kg 

1,174 

Notes: 

NA  =  not  applicable,  endpoint  could  not  be  calculated 
-  =  not  measured 

a  LC20  not  calculated  -  NOEC  used  instead 


Table  V-3.  Summary  of  Extractable  Barium  Analyses 
and  Soil  Contact  Guideline  Calculation 


iData  Were  Recalculated  Using  the  Following  Regression:  y  =  0.439x  -  25.180 


Effect  Measurement 

Endpoint 

Unit 

Alsike 

Orchard 

Perennial 

Springtall 

Sprlngtaii 

Earthworm 

Clover 

Grass 

Ryegrass 

Survival 

Reproduction 

Test  Duration 

(days) 

21 

14 

14 

35 

35 

14 

Shoot  length 

IC20 

(mg/kg) 

402 

510 

123 

Shoot  wet  mass 

IC20 

(mg/kg) 

185 

235 

104 

Shoot  dry  mass 

IC20 

(mg/kg) 

154 

NA 

134 

Root  length 

IC20 

(mg/kg) 

312 

236 

311 

Root  wet  mass 

IC20 

(mg/kg) 

179 

464 

299 

Root  dry  mass 

IC20 

(mg/kg) 

234 

NA 

269 

Nodules 

IC20 

(mg/kg) 

NA 

adult  survival 

LC20 

(mg/kg) 

2,657 

2,659 

No  Juveniles 

EC20 

(mg/kg) 

534 

Adult  Fecundity 

EC20 

(mg/kg) 

540 

Geometric  Mean  of  Redundant  Endpoints 

(mg/kg) 

230 

339 

187 

2,657 

537 

2,659 

Natural  Area,  Agricultural  and  Residential/Parkland  Guideline  (25th  Percentile  of  Geometric  Means): 
Commercial  and  Industrial  Guideline  (50th  Percentile  of  Geometric  Means):  


257 
438 


Notes; 

AM  =  not  applicable,  endpoint  could  not  be  calculated 
-  =  not  measured 


Figure  V-1.  Extractable  Barium  Correlations 
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Figure  V-2.  Extractable  Barium  Regression  Using  All  Available  Data 
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1.  RUGGEDNESS  TESTING 

This  Appendix  presents  the  results  of  ruggedness  testing  of  the  soil-extraction  and  analysis 
procedure  for  determining  extractable  barium.  The  soil  used  was  tested  with  and  without  a  spike 
of  barium  acetate  added  at  the  rate  of  1 60  mg  Ba/kg.  The  coefficient  of  variation  in  the  data  was 
small,  6-9  %.  The  data  indicate  that  there  were  no  large  or  consistent  effects  when  the 
following  factors  in  the  procedure  were  systematically  changed,  following  Youden  &  Steiner 
(1975): 

-  Shaking  method  (platform  or  end-over-end). 

-  Shaking  time  (2h  or  1 6  h) 

-  Filtration  procedure  (suction  or  gravity). 

-  Delay  before  extract  analysis  (<2  h  or  overnight  refrigeration). 

-  Matrix  for  barium  standards  (water  or  dilute  Ca  chloride). 

-  Model  of  ICP  spectrometer  (Optima  or  Accuris). 

The  ruggedness  testing  included  eight  measurements  on  unspiked  and  spiked  soil.  The 
measurements  made  on  each  soil  are  summarized  in  Table  VI- 1.  Results  of  the  ruggedness 
testing  for  unspiked  and  spiked  soil  are  provided  in  Tables  VI-2  and  VI-3,  respectively. 

The  extraction  ratio  was  always  10:1.  When  using  10  g  of  soil  and  100  mL  of  solution,  slightly 
more  barium  was  extracted  than  with  only  5  g  and  50  mL.  The  difference  was  too  small  to  justify 
using  still  larger  quantities,  but  consistent  enough  to  justify  using  no  less  than  10  g  of  soil. 
Recovery  of  the  160  mg/kg  spike  of  soluble  barium  in  the  ruggedness  tests  was  about  40  %. 
This  value  is  slightly  lower  than  in  range-finding  work  using  the  same  materials,  done  2  months 
earlier.  Available  barium  levels,  in  both  the  control  and  the  spiked  soil  (LI 23906),  apparently 
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fell  during  storage.  These  effects  are  considered  unlikely  to  occur  with  soils  whose  main  source 
of  barium  is  barite. 

Overall,  the  ruggedness  testing  indicated  that  the  method  is  suitably  rugged  for  the  purpose 
required. 


2.  RECOMMENDED  ANALYTICAL  METHOD 

The  reconamended  procedure  for  determination  of  extractable  barium  is  as  follows: 

•  Prepare  0.1  M  calcium  chloride  (14.7  g  of  pure  dihydrate  per  litre  of  de-ionized  water). 

•  Use  a  representative  sub-sample  of  air-dried,  <2  mm  soil,  weighing  at  least  10  g. 

•  Add  0.1  M  calcium  chloride  at  a  1:10  ratio,  e.g.,  10  g  soil  plus  100  mL,  leaving  adequate 
head-space  for  agitation. 

•  Agitate  for  at  least  2  h  on  either  a  platform  or  end-over-end  shaker. 

•  Filter  the  extract  either  by  gravity  or  under  suction,  using  a  filter  paper  fine  enough  to 
yield  a  clear  filtrate. 

•  Make  up  standard  solutions  {e.g.  of  barium  acetate  or  chloride)  either  in  DI  water  or  in 
the  extracting  solution. 

•  Analyze  the  filtrate  and  standards  by  ICP  within  24  h. 
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Table  VI-1.  Description  of  Measurements  for  Ruggedness  Testing 


# 

Extraction 
Quantities 

Shaking 
Mettiod 

Shaking 
Time 

Filtering 
Method 

Delay  in 
Extraction 
Analysis 

Instrument 
Calibration 
Standards 

Analytical 
Instrument 

1 

10  g  soil/100  mL  0.1  N  CaClj 

end-over-end  shaker 

overnight 

suction 

Next  day 

In  CaClz 

ICP-Optima 

2 

10  g  soil/100  mL  0.1  N  CaClz 

end-over-end  shaker 

2h 

suction 

<2  hours 

In  Dl  water 

ICP-Accuris 

3 

10  g  soil/100  mL  01  N  CaCl? 

Platform  shaker 

overnight 

gravity 

Next  day 

In  Dl  water 

ICP-Accuris 

4 

10  g  soil/100  mLO.1  N  CaCb 

Platform  shaker 

2h 

gravity 

<2  hours 

In  CaCl2 

ICP-Optima 

5 

5  g  soil/50  mL  0  1  N  CaClg 

Platform  shaker 

2h 

gravity 

<2  hours 

In  CaClz 

ICP-Accuris 

6 

5  g  soil/50  mL  0.1  NCaClz 

end-over-end  shaker 

2h 

gravity 

Next  day 

In  Dl  water 

ICP-Optima 

7 

5  g  soil/50  mL  0.1  N  CaClz 

Platform  shaker 

overnight 

suction 

<2  hours 

In  Dl  water 

ICP-Optima 

8 

5  g  soil/50  mL  0.1  N  CaCh 

Platform  shaker 

2h 

suction 

Next  day 

In  CaCl2 

ICP-Accuris 

Table  VI-2.  Ruggedness  Testing  Results  for  Unspiked  Soil  Sample 


Results  for  Sample  L1 23906-1 


Measurement  # 

Ba  in  extract  (mg/L) 

Available  Ba  in  soil  (mg/kg) 

1 

4.07 

40  7 

2 

4.01 

40.1 

3 

4.28 

42  8 

4 

4  09 

40  9 

5 

4.31 

43  1 

6 

3.84 

38  4 

7 
8 

3.74 
3.37 

37.4 
33.7 

mean 

3.96 

mean  Ba  (mg/kg) 

39.6 

Calculations 

Approx  %  CV 

91 

Factor 

Difference 

Abs  Difference 

Conf.  Lts.,  mean  +/- 

7.2 

A 

Extraction  Ratio 

0  298 

0  30 

std  dev. 

3.6 

B 

Shal<ing  Method 

0188 

0.19 

C 

Shal<ing  Time  (hr) 

0.273 

0  27 

D 

Filtering  Method 

-0  333 

0.33 

E 

Delay  in  Extract  Analysis 

-0  147 

0.15 

F 

Instrument  calibration  Standards 

-0.007 

0  01 

G 

Instrument  of  Analysis 

-0  057 

0  06 

% 

mg/kg 


Ranking  of  Factors  (most  to  least  significant) 

Factor  Abs  Difference 

Filtering  Method  0.33 

Extraction  Ratio  0  30 

Shaking  Time  (hr)  0  27 

Shaking  Method  0  19 

Delay  in  Extract  Analysis  0  15 

Instrument  of  Analysis  0.06 
Instrument  calibration  Standards    0  01 


Overall  Ruggedness 

Standard  Deviation 

99%  Confidence  Interval  (3*SD) 


012 
0  37 


Table  VI-3.  Ruggedness  Testing  Results  for  Spiked  Soil  Sample 
Results  for  Sample  L1 23906-6 


Measuremont  # 

Ba  in  extract  (mg/L) 

Available  Ba  in  soil  mg/kg 

1 

10  54 

105.4 

2 

10.01 

100.1 

3 

11.06 

110.6 

4 

10  09 

100  9 

5 

10  63 

106  3 

6 

9  88 

98  8 

7 
8 

9  35 
10.43 

93.5 
104.3 

mean 

10.25 

mean  Ba  (mg/kg) 

102.5 

Calculations 

Approx.  %  CV 

6.4  % 

Factor 

Difference 

Abs  Difference 

Conf  Lts,  mean  +/- 

13.2  mg/kg 

A 

Extraction  Ratio 

0.353 

0.35 

std  dev. 

66 

B 

Shaking  Method 

0  033 

0.03 

C 

Shaking  Time  (hr) 

0  293 

0  29 

D 

Filtering  Method 

-0  333 

0  33 

E 

Delay  in  Extract  Analysts 

0  458 

0.46 

F 

Instrument  calibration  Standards 

0.347 

0  35 

G 

Instrument  of  Analysis 

-0  568 

0.57 

Ranking  of  Factors  (most  to  least  significant) 

Factor  Abs  Difference 

Instrument  of  Analysis  0  57 

Delay  in  Extract  Analysis  0  46 

Extraction  Ratio  0.35 
Instrument  calibration  Standards  0.35 

Filtering  Method  0  33 

Shaking  Time  (hr)  0.29 

Shaking  Method  0  03 


Overall  Ruggedness 

Standard  Deviation  0. 1 6 

99%  Confidence  Interval  (3*SD)     0  49 


